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INTRODUCTION 
The Missouri River Valley of western Iowa is a potential vegetable 
production area. The geographical, environmental, and geological at-
tributes of the valley were described In detail by Hildahl (28) in his 
evaluation of the feasibility for commercial vegetable production on 
irrigated soils in that area. In the spring of 1972, a coordinated 
research-promotion effort initiated in 1971 by the Board of Directors 
of the Western Iowa Experimental Farm, the Iowa Development Commission, 
and the Department of Horticulture at Iowa State University culminated 
in the establishment of a small, viable commercial acreage of green 
beans (Phaseolus vulgaris L.) centered in Monona County. 
Although the Iowa processor, Vista Products, Inc. of Storm Lake, 
Iowa desired a significantly increased acreage in the 1973 growing 
season, production expanded only slightly due to the optimistic eco-
nomic outlook of raising the traditional, less risky, agronomic crops 
of the area. Nevertheless the capital expenditures made by the 
processor in the construction of a fully equipped green bean canning 
facility at Storm Lake and the acquisition of two mechanical harvesters 
indicated that a concerted effort will be made in ensuing years to 
attain a reliable acreage of this vegetable crop. 
Therefore, the need to conduct applied research with green beans 
is quite evident if expanded production is to be realized. Problems . 
associated with soils, irrigation, weed control, disease management, 
and other cultural practices are to be expected. These problems must 
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be solved if the grower is to achieve a successful and profitable end. 
Additionally, there is the need to develop and encourage expanded 
production of green beans in the Missouri River Valley through the 
utilization of technological advances which are emerging in the industry 
in other areas of the United States. The spatial arrangement of high 
plant populations of many vegetable crops, including green beans, is 
such a concept. 
Thus, investigations of high density plantings of green beans were 
initiated in 1972 and continued in 1973 in an effort to collect meaning-
ful data concerning this cultural practice in the Missouri River Valley. 
Specifically, the following objectives were established. 
l. To determine the relationship of Missouri River Valley soils 
and climate to the yield of green beans established in 
various planting schemes involving high plant densities, 
and to compare results obtained in the valley with data 
collected in other geographical locations. 
2. To investigate spatial arrangements of high plant populations 
upon the growth responses of green bean cultivars exhibiting 
different growth characteristics. 
3. To provide sound experimental data to promote high density 
plantings of green beans in the Missouri River Valley and 
to develop guide] ines for commercial use of this cultural 
practice. 
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4. To investigate the effects of high density plantings upon 
the quality of green beans to be used in processing and to 
attempt to correlate quality changes with spatial arrange-
ment of the planting. 
5. To convert yield and quality responses of high density 
plantings of green beans to monetary returns and to demon-
strate the interactions between increased costs and returns 
associated with high plant populationsand their spatial 
arrangement. 
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LITERATURE REVIEW 
Growth Response 
The growth response of agronomic and horticultural crops established 
by various planting patterns or seeding rates has been studied through-
out the wor l d (7, 9, 18, 26, 30, 35, 52, 58, 60). The trend toward high 
plant densities in agronomic crop production is well documented (37, 58, 
60). Similarly, recent advances in technology related to chemical pesti-
cides (30) and equipment engineering (3, 27, 48, 53) have spurred the 
efforts of horticulturists in the cultural manipulation of their crops 
to achieve increased marketable yield and profits per unit area (55). 
Holliday (30) described two growth responses for crops grown at 
different plant populations and further correlated these relationships 
to yield. His analysis of the work of several earlier authors revealed 
that asymptotic relationships existed between the yield of potato tubers, 
rape, subterranean clover, and ryegrass and their respective plant den-
s i ties while maize, soybeans, peas, dry beans, and cereal grains exhibited 
parabolic curves. However, when biological yield was considered, maize, 
dry beans, and cereals demonstrated the asymptotic growth curve. He, 
therefore , theorized that yield was a question of being either some 
product of the crop's growth in the reproductive phase (parabolic) or a 
product of growth in the vegetative phase (asymptotic). Bleasdale (7) 
objected to the validity of Holl iday's reproductive-vegetative cate-
gories describing the parabolic and asymptotic curves respectively. He 
provided evidence of parabolic curves associated with the yield of 
vegetative plant parts of several root crops. 
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Willey and Heath (60) suggested that plant population should be 
defined not only in terms of plant density but also in relation to the 
spatial arrangement of the plants on the ground. Duncan {18) summarized 
the biological implications of spatial arrangement with corn; he identi-
fied two i nteracting forces - competitive interaction and cooperative 
interaction. The first term described the 1 inear reduction of yield 
per plant (plant weight or marketable weight of a plant part) with in-
creased population per unit area. Cooperative interaction was related 
to establishing a uniform plant height which prevented unequal competi-
tion between individuals for resources of the environment. In his 
studies , Duncan utilized the 11wagon wheel'' concept described by Nelder 
(44). The competitive interaction phenomenon has been demonstrated with 
several legumes including soybeans (37, 58), peas (26), 1 ima beans (41, 
57), broad beans (33), green beans (39, 40, 52), kidney beans (4), and 
navy beans (15). Effects of cooperative interaction have been described 
in soybeans (50, 58), green beans (19, 52}, and dry beans (6). 
In equidistantly spaced soybeans, Shibles and Weber {50) demonstrated 
that dry matter accumulation was a linear function of the solar irradia-
tion intercepted; the authors attributed variance in seed production to 
the differential utilization of photosynthate. 
As plant populations are increased, the distribution of accumulated 
assimilates has been proposed by Bleasdale (7) to account for parabolic 
growth responses of plant parts of economic importance in relation to 
total biological yield expressed asymptotically. Conversely, he pre-
dicted the size of the desired plant part could be controlled without 
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affecting total yield if the ratio of the weights of the plant part and 
total plant remained constant. For those vegetable crops where economic 
returns are dependent on size standards, the importance of the relation-
ship is obvious. Mack and Hatch (40) and Tompkins~~· (52) have 
reported increases in high priced grades of green beans in relation to 
high plant populations. Cutcliffe (17) observed no consistent changes 
in grade distribution when population was varied by intra-row spacings. 
Holliday (30) noted that seedling mortality in sev.eral crops bore 
a linear relationship to the quantity of seed sown and attributed death 
to early interplant competition. He also observed continued loss of 
plants throughout the life of the crop and noted that adverse environ-
mental factors promoted the rate of loss. A similar observation was 
made by Vieira (54) with dry beans. 
Yield 
Increased yields of Phaseolus vulgaris L. through the manipulation 
of the plant population have been reported in the literature in the 
past several decades (1, 4, 5, 6, 8, 11, 12, 13, 14, 15, 17, 19, 23, 31, 
34, 35, 39, 40, 43, 45, 51, 52, 54, 59). Several workers have adjusted 
intra-row spacing only (4, 5, 15, 17, 23, 31), but the majority of the 
investigations have been conducted utilizing combinations of intra-row 
and inter-row spacings. The world wide distribution of Phaseolus vulgaris 
cultivars grown for their seed account for many of these studies (4, 6, 
11, 13, 14, 15, 19, 23, 34, 35, 54), but cultivars with edible pods have 
been investigated also (1, 5, 12, 17, 39, 40, 45, 52, 59). 
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Several researchers concluded that an optimum population existed 
for maximizing yield (4, 6, 13, 23, 31, 34, 35, 40, 43, 45, 54). Other 
authors demonstrated increased economic production in relation to in-
creased plant populations. Agnew (1) found no significant yield response 
to his manipulation of the plant population through spacing. Utilizing 
edible podded cultivars of Phaseolus vulgaris, Attia and Nassar (5), 
Bleasdale (8), and Mack and Hatch (39, 40) claimed marked yield dif-
ferences associated with the equal distribution of the plant popula-
tion. Campbell and Hodnett (12) minimized spatial arrangement and re-
lated yield response to the plant population. 
Quality 
Sieve size is the major factor in determining the grade of green 
beans by processors (49). The relationship of sieve size, pod weight, 
and harvest date was explored by Moore and Watson (42). Interactions of 
yield, harvest date, and quality were discussed by Robinson et al. (49). 
--
Although sieve size was used by Robinson as a measure of pod quality, 
pod diameter was demonstrated to be controlled by cultivar, weather, 
and cultural factors. Palevitch (46) and Farkas (20) have also empha-
sized the poor reliability of sieve size in determining quality. As a 
result, more reliable objective tests including seed length (25), per-
centage seedweight (22, 25, 46), sheer press (22, 25), alcohol insol-
uble sol ids (24), dry matter content (24), and fiber content (22, 32) 
have been advocated. 
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A multiple regression and correlation analysis by Fox and Kramer 
(22) revealed that a single objective test may be used to predict the 
quality of fresh green beans instead of a time consuming combination 
. ~ ,:," ::..,.~-~-:-\"'"'""" .. t:.~::' _,__. 
of tests. Seed length ancl percentage seed weight are simple field 
tests which have been highly correlated to green bean quality as meas-
ured by alcohol insoluble sol ids and dry matter (24," 25). Gardiner and 
Prendiville (25) referenced earlier workers who had discovered that the 
changes in texture and palatability of this vegetable were regulated by 
the seeds. Kaldy (32) claimed that fiber development was a function of 
the cultivar and its environment - especially that of temperature. 
Littman 1 s (38) work on post harvest deve 1 opment of bean pods confirmed 
that of Kaldy; additionally, he noted that storage conditions affected 
the developmental rate of seed weight. Palevitch (46) advocated the 
use of percentage seed weight in determining optimum date of harvest. 
He cautioned, however, that the rate of seed development was a function 
of the cultivar. 
The effects of high density plantings in the quality of green beans 
have not been fully explored. Tompkins~ 2l· (52) compared fiber con-
tent, seed percentage, and pod color of several green bean cultivars 
grown at two population levels. With pole beans, Thomas (51) conducted 
colorimeter analyses in an attempt to study population effects on pod 
color. As observed by Mack and Hatch (40) and Tompkins~ 2l• (52), 
population related changes in the distribution of pods in the six sieve 
sizes has been previously noted. 
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Economic Returns 
Bleasdale (8) postulated that high density plantings involved 
costs proportional to yield and costs proportional to density. With 
the scarlet runner bean, he also demonstrated that dense spacings gave 
best retu rns on investment while maximum profit per acre occurred at 
wider spacings. Campbell and Hodnett (12) emphasized the importance of 
plant population and the given set of economic conditions in work with 
green beans in Trinidad. Rather than a goal of a precise optin:um popu-
1 ation, he advised determining the range of plant populations over 
which the reduction in maximum financial return would be negligible. 
Several investigators have discarded plant populations which achieved 
higher yields because of the increased costs of seed (30, 35, 54). 
Other projected costs with fertilizers, pesticides, and machinery have 
led to predictions that as much as a 30 to 33 percent yield increase 
must be attained to justify experimental high density plantings in 
Wisconsin and New York (29). 
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MATERIALS AND METHODS 
Location 
In 1971, the Iowa State University Department of Horticulture 
initiated trials with vegetable crops on land rented in the Missouri 
River Valley near Whiting, Iowa. The experiments with high density 
plantings of green beans (Phaseolus vulgaris L.) were conducted at the 
same location in the 1972 and 1973 growing seasons. The soil at the 
test site was classified as a Haynie silt loam which was described in 
detail by Hildahl (28) who characterized it as ideal for vegetable 
crop production. Soil tests ascertained the high fertility of the ex-
perimental plots; levels of potassium and phosphous were classified as 
very high in both growing seasons. 
Due to the cropping rotation of the landlord, the experimental 
plots were located in different fields each year. However, because 
the fields were adjacent and of the same soil type, soil conditions in 
both locations were essentially homogeneous. The land sloped very 
gently from north to south. A series of minor ridges and depressions 
paralleling the slope of the land were observed in the 1972 plots; no 
east-west abnormalities existed in 1973. 
Cultivar Selection 
With the cooperation of the Rogers Seed Company, three green bean 
cultl:vars - Early Gallatin, Bush Blue Lake 274, and Slimgreen, were 
selected in 1972. It was felt these cultivars represented the full 
11 
spectrum of growth characteristics which are incorporated into the 
majority of cultivars currently planted for commercial production. 
Bush Blue Lake 274 is characterized by robust growth. Its dark 
green leaves are quite large, canopy development is rounded, and plants 
tend to sprawl on the ground. Early Gallatin is of the Tendercrop 
type of green bean; leaf size is smaller than Bush Blue Lake 274. The 
canopy is upright. Slimgreen typifies the new cultivars being developed 
for close plant spacings. Leaf size is small, and leaves are somewhat 
vertically oriented. Thus, the canopy is quite upright. 
In 1973, Rogers Seed Company again provided the seed for the high 
density trials. The cultivar chosen was Wondergreen which was also 
used extensively in the commercial acreage that year. Wondergreen is 
an erect bush with leaf size and canopy development similar to Early 
Gal lat in. 
Experimental Design 
Primarily, density effects were to be studied in 1972. Some spatial 
arrangement was incorporated into the design by varying intra-row and 
inter-row spacing. In addition to three cultivars, treatments included 
three row widths (96.5 cm, 48.25 cm, and 24.1 cm) and two in-row spac-
ings (2.5 cm and 5. l cm). Thus, a 3 x 3 x 2 randomized block design 
with four replications was chosen. Each treatment plot was 3.05 m x 
6.1 m. Three, seven, and fifteen rows of each of the three cultivars 
were planted in plots with 96.5 cm, 48.25 cm, and 24. I cm row 
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widths respectively. Desired plant populations ranged from 1,650,000 
plants per hectare to 206,000 plants per hectare. 
Based on the results of the prior year, the 1973 experimental 
design was altered to include a third intra-row spacing. In essence, 
a single population {412,500 plants per hectare) was targeted to further 
evaluate the effects of spatial arrangement of the plant population. 
96.5 cm, 48.25 cm, and 24.1 cm row widths were coupled with 2.5 cm, 
5.1 cm, and 10.2 cm intra-row spacings respectively. A randomized 
split plot design with three replications was used. Individual plot 
dimensions were 4.83mx6.1 m and contained either five (96.5 cm row 
widths), eleven (48.25 cm row widths), or twenty three (24, 1 cm row 
widths) rows, The increased number of rows per plot were to accommodate 
successional harvest dates. 
Planting Methods 
In 1972 and 1973, the ground was plowed and disked with conventional 
farm machinery. On 1-2 June 1972, Dacthal (WP75) at the rate of 15.89 Kg 
total material per hectare was applied with a hand pumped 5.5 liter 
Hudson sprayer and incorporated with a Troy rotor tiller to a depth of 
5. 1 cm. On 31 May of the second year, Soyex at the rate of 3.41 Kg per 
hectare was applied using a Kinkelder back-pack low volume, mist sprayer. 
A Planet Junior with variable seed plates was utilized in both 
growing seasons for the planting operations. Planting plates were 
selected to accommodate cultivar seed size and germination percentage 
to achieve approximately 40 plants per meter of row. In 1972, planting 
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was completed on 2 June; rows were oriented east and west. The 1973 
planting date was 31 May, and rows were arranged in a north-south 
direction. 
Cultural Care and Growing Season Records 
After emergence, all treatments were hand thinned to achieve the 
desired plant populations. In both 1972 and 1973, the 2.5 cm intra-row 
spacings were not thinned because established stands were estimated to 
be close to or Jess than the proposed one plant per 2.5 cm of row. 
A daily weather record was majntained in both years, and irrigation 
was applied by overhead sprinklers in order to attain approximately 2.5 
cm of water every seven days throughout the growing season. 
Insect and disease levels were monitored in both growing seasons. 
Blister beetles (l. cinerea) were observed feeding on the foliage in 
early July of 1972. Sevin at 36.5 mill ii iters per 1.1 liter of water was 
applied as a control measure. In 1973, insect activity was minimal. 
Damage from pathogens was very slight in both growing seasons; as a 
result, no control measures were attempted. 
Observational records were kept on the development of the plant 
canopy, blossoming date, foliage coloration, and weed competition. In 
1972, actual weed counts were taken in one block. The second growing 
season CEL-WFD gypsum soil moisture blocks were placed in one rep! ica-
tion of each treatment at 15 cm and 45 cm soil depths to monitor soil 
moisture using a Model BN-2B Bouyoucos soil moisture meter. 
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Harvest Methods 
The harvested area in 1972 was the equivalent of 0.0004 hectare. 
The shape of the area harvested was dependent on the inter-row spacing. 
Dimensions were 0.97mx4.19 m, l.45 m x 2.80 m, and 1.69 m x 2.4 m 
for plots with inter-row spacings of 96.5 cm, 48.25 cm, and 24.10 cm 
respectively. Border rows were not included in any harvested area. 
All plots were harvested from 2-8 August in 1972 simulating 
destructive machine harvest. Removal was by cultivar beginning with 
Slimgreen and ending with Bush Blue Lake 274. However, prior to 
harvesting operation, four individual plants in each plot were chosen 
at random and measured for height and canopy development, Height was 
determined by measuring the plant from ground level to the uppermost 
trifol iate leaf, Canopy development was calculated by measuring per-
pendicular to the row the breadth of the plant 1 s leaf area at its widest 
point, 
Thereafter, plants were pulled, counted, and pods removed by hand. 
Ten plants were selected at random and weighed to determine fresh plant 
weight, The pods were weighed for yield determination. Finally, a 
random sample of approximately 908 grams of pods from each plot was 
packeted in a plastic bag, labeled, cooled to remove field heat, and 
transported to the laboratory for quality measurements. 
In 1973, the harvested area was 0.97 m x 4.19 min all treatments, 
There were three harvest dates. The first picking was accomplished 26 
to 27 July, the second harvest was conducted on 30 to 31 July, and the 
final harvest was comp l eted 2 to 3 August. Each picking s imulated a 
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destructive machine harvest. Therefore, each harvest involved an unique 
area chosen at random within the whole plot; border rows were not 
harvested. 
Canopy development, plant height, and fresh plant weight were not 
measured in 1973. After pulling the plants and removing the pods, 
plant counts were taken. Pods were weighed for yield data, and random 
samples (approximately 908 grams) of each picking of each treatment 
were taken. 
The samples were thoroughly cleaned of debris and blanched for 
three minutes in boiling water. After cooling in ice baths, each sam-
ple was drained of excess water, packaged in plastic freezer bags, 
labeled, and placed in a freezer at -29°c for storage until quality 
measurements could be conducted at a later date. 
Quality Determination 
Although fresh green bean samples stored a 4.5°c and processed 
samples frozen at -29°C were used in 1972 and 1973 respectively, 
identical quality measurements were conducted. Approximately 454 grams 
of pods (whole pods only) were weighed on a Mettler Model K4 balance. 
These pods were then sized using a hand sieve sizer into the respective 
size classifications specified by Section 51.3243 of the United States 
Department of Agriculture's 1 ~nited States Standards for Snap Beans for 
Processing (24 F.R. 5684, July 26, 1959). 11 Pods in each sieve size were 
counted and percentages in each sieve size determined. Also, pod weight 
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in each sieve size was determined on the Mettler Model K4 balance, and 
percengages by sieve size calculated. 
Up to twenty pods in 1972 and up to ten pods in 1973 were randomly 
se l ected from each sieve size; the lengths of these pods were measured 
in millimeters. Those pods in sieve sizes three, four, five, and six 
wh i ch had been used in length determinations were reweighed on the 
Mettler Model K4 balance. Seeds from these pods were extracted with 
a razor blade and weighed on a Mettler Model H precision balance. 
Seed percentage was calculated as described by Gardiner and Prendiville 
(25). 
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RESULTS 
Yield Response 
Analysis of variance 
Utilizing a completely randomized block design (3 x 3 x 2) in 
1972, an analysis of variance was performed on the variable yield. 
Likewise, an analysis of variance was conducted with the 1973 data; 
however, split plots were incorporated into the statistical design 
to accommodate successional harvest dates. 
The statistical treatment of the 1972 data is depicted in Table A 1 
of the Appendix. The greatest source of variation for the random vari-
able yield proved to be between row spacings (BRS) which were signifi-
cant at the 1% level. Variation due to cultivar was also significant 
at the 5% level of significance. Additionally, the interaction of 
these two main effects was significant at a= 0.01. However, blocks, 
within row spacings (WRS), and all remaining interactions were non-
significant. 
The statistically significant variation due to cultivar was not 
unexpected, and the interaction of BRS with cultivar indicated that 
response of yield to manipulation of the spacing between rows was not 
independent of the cultivars used in 1972. Therefore, a second statis-
tical analysis was run by cultivar to eliminate possible masking of 
yield response to the within row spacing and its interaction with BRS. 
These analyses are presented in Table A2 of the Appendix. 
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When analyzed by cultivar, mean yields of Slimgreen and Bush Blue 
Lake 274 were most affected by the between row spacing; this factor 
was significant at the 1% level and 5% level respectively for the two 
cultivars. However, the interaction of BRS and WRS provided the only 
significant source of variation with Early Gallatin (a= 0.01). 
Table A3 of the Appendix depicts the statistical treatment of the 
variable yield in the 1973 experiment. The spatial arrangement 
(rectangularity) of the plant population was not related to differences 
in yield response at the 5% level of significance; however, if a= 0. 10, 
this factor was of importance statistically. As expected, the greatest 
source of variation to the random variable was attributed to time of 
harvest as bean weight is a function of maturity. Additionally, the 
harvest-rectangularity interaction contributed to the variance in yield 
response at the 5% level of significance indicating that the differences 
in measurements of yield between successive harvests differed for the 
three rectangularities employed in 1973. Contrasted to 1972, blocking 
proved to be of value to the experimental design employed the second 
growing season . 
Means 
Mean yields of the three cultivars measured in 1972 are summarized 
1n Tabl e l. In 1973, a single cultivar, Wondergreen, was measured for 
yield response; this data is presented in Table 2 and reflects trends 
in the variable as date of harvest was delayed. 
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Table 1 • Mean yields (Kg) of three green bean cultivars as influenced 
by between row and within row spacing 
Sl imgreen Mean 
x-5.38 x-5.66 x-6.23 treatment yield .X-5.25 .X-5.30 (x) 
48.25 cm x 5. 1 cm 7. 16 ··k·k 1'~k ;'n'( ·;'( n. s. a 
48.25 cm x 2. 5 cm 6. 23 n.s. n.s. n.s. n. s. 
24. 10 cm x 5 0 1 cm 5.66 n.s. n.s. n. s. 
24. 10 cm x 2.5 cm 5.38 n.s. n.s. 
96.50 cm x 2.5 cm 5,30 n.s. 
96,50 cm x 5. 1 cm 5.25 
Early Ga 1 I at in Mean 
treatment yield ><-3.37 {x) x-4.98 x-5.47 ><-5.49 x-6. 17 
48 . 25 cm x 5. 1 cm 6.32 '"'l~k ;'( n. s. n. s. n. s. 
48.25 cm x 2.5 cm 6. I 7 "'ki1\ n.s. n.s. n.s. 
96,50 cm x 5 0 1 cm 5.49 "'k n.s. n. s. 
96,50 cm x 2.5 cm 5.47 ;'( n. s. 
24. JO cm x 5.1 cm 4.98 n.s. 
24. 10 cm x 2.5 cm 3.73 
Bush Blue Lake 274 Mean 
treatment yi~ld x-4.66 
(x) 
x-4.93 ><-5.37 x-5.39 x-5.59 
48.25 cm x 5. I cm 5.74 ·;'( n.s. n.s. n.s. n. s. 
48.25 cm x 2.5 cm 5.59 n.s. n. s. n. s. n.s. 
24. I 0 cm x 2.5 cm 5.39 n.s. n. s. n.s. 
24. 10 cm x 5. 1 cm 5.37 n. s. n.s. 
96,50 cm x 2.5 cm 4.93 n. s. 
96,50 cm x 5. 1 cm 4.66 
a 
n.s. =No significance. 
;'rs i gn if i cant at a= 0.05. 
;h'rs i gn if i cant at a= 0. 0 I. 
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The treatment associated with the greatest mean yield for each 
cultivar studied in 1972 consisted of a BRS = 48.25 cm and a WRS = 
5. l cm. All cultivars demonstrated a decline in mean yield as between 
row spacing was narrowed to 24. l cm. However, mean yields at the nar-
rowest row spacing remained fairly consistent with those attained at 
96.5 cm, the widest BRS tested in 1972; an exception was the cultivar 
Early Gallatin which exhibited a large drop in mean yield at the treat-
ments associated with a between row spacing of 24. 1 cm. If row width 
was held constant and within row spacing was varied, mean yields within 
cultivar tended to equalize; again, Early Gallatin deviated from the 
trend at the narrowest row width tested. This cultivar also consis-
tently produced less green beans when WRS was reduced from 5. 1 cm to 
2.5 cm at any between row spacing. 
Sl imgreen was the cultivar most responsive to decreasing the be-
tween row width in terms of increased yield. Bush Blue Lake 274 demon-
strated little variation in mean yield in regard to altering either be-
tween row or withi n row spacings. Early Gal lat in was characterized by 
a hyperbolic response; that is, as between row spacing was reduced, 
mean yield first increased and then fell sharply to levels below the 
widest between row spacing. Although responding to differing degrees, 
Bush Blue Lake 274 and Sl imgreen produced lowest mean yields at the 
widest spacings be t ween the rows and demonstrated a relatively smaller 
decline than Early Gallatin at the narrowest between row spacings. 
As depicted in Table l and measured by Duncan's Multiple Range 
Test, there were subtle differences in yield response which proved to 
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be significant. Much of the statistical significance between treat-
ments for the variable yield was associated with that treatment having 
a BRS = 48.25 cm and WRS = 5. 1 cm; this treatment produced max,imum 
yields with each cultivar. 
In regard to Sl imgreen, this treatment was superior to al 1 other 
treatments at either the 1% or 5% level of significance except for the 
spacing configuration of 48.25 cm by 2.5 cm. However, with Bush Blue 
Lake 274 only the treatment with a between row width of 96.50 cm and 
a within row spacing of 5. 1 cm was significantly different from the 
highest yielding treatment (a= 0.05). There were no differences be-
tween all other treatment means of the two cultivars. Both treatments 
with Early Gallatin spaced 24. 1 cm between the rows were statistically 
inferior (5% level of significance) to the treatment producing optimum 
yield. Additionally, spacing configurations of 48.25 cm by 2.5 cm, 
96.50 cm by 5. 1 cm, and 96.50 cm by 2.5 cm were significantly greater 
than those attained at the narrowest row widths. Remaining comparisons 
of treatment means of Early Gallatin proved to have no statistical 
differences. 
Table 2. Mean yields (Kg) of cultivar Wondergreen as influenced by 
rectangularity and harvest date 
Rectangularity (R) 
2.25: 1.0 
9.5: 1.0 
38. 0: 1. 0 
Harvest I 
4.30 al 
3.30 a 
2.94 a 
Mean yield 
Harvest 2 
5.84 a 
5.50 a 
4.69 a 
Harvest 3 
6. 21 a 
6. 19 a 
6. 77 a 
1Means followed by the same letter do not differ significantly at 
the 5% level of significance; Duncan's Multiple Range Test. 
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Overall harvests in the 1973 growing season, the cultivar Wonder-
green produced inc reasing mean yields when between row spacing was re-
duced and within row spacing was increased; that is, whenever rectangu-
larity was reduced . However, examination of the data by harvest date 
revealed the interaction of harvest and rectangularity. (See Figure 1). 
The initial harvest resulted in a dramatic increase in mean yield 
associated with a plant arrangement of 24. 1 cm by 10.2 cm (rectangulari-
ty of ?..25:1.0); least mean yield occurred with an arrangement of 96.5 
cm by 2.5 cm (rectangularity of 38.0:l.O} while a plant spacing of 
48.25 cm by 5. l cm (rectangularity of 9.5:1.0} produced intermediate 
mean yields. At the time of the second harvest, mean yields of treat-
ments with rectangularities of 2.25:1.0 and 9.5:1.0 were nearly equalized. 
The third planting arrangement remained substantially less. However, at 
the third and final harvest, the latter treatment recorded a dramatic 
increase in mean yield to produce approximately 0.56 kilograms more 
green bean per sample area than the other spacing arrangements which 
yielded equivalent amounts of the fruit. 
Duncan's Multiple Range Test performed by harvest date with a 
weighted s- for split plot designs indicated there were no significant 
x 
differences between rectangularity treatments at a= 0.05. This was 
expected since rectangularity was significant only at a= 0.10. How-
ever , when the sum of squares for rectangularity was broken into single 
degree of freedom components (see Table 3), the component due to 
linearity accounted for nearly all of the variance of rectangularity 
and was highly significant (a= 0.01). This implied treatment means 
23 
Figure 1. The effect of 1973 harvest date on mean yield {Kg) of 
Wondergreen green beans planted at three rectangularities. 
Means obtained are based on three replications and repre-
sent yield from 0.0004 hectare. 
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at a given harvest were statistically different from one another as 
depicted in Figure 2. The linear component of harvest date, described 
in Table 3, also accounted for the largest portion of the sum of 
squares of that main effect, and is depicted in Figure 1. The inter-
action of rectangularity and harvest date is explained by noiing that 
harvest date affected the slope of the graphs in Figure 2. Slope was 
nearly horizontal at the last harvest implying no significant differ-
ence between treatment means. 
Table 3. Partitioning the sum of squares for rectangularity, harvest 
date, and rectangularity-harvest date interaction into single 
degree of freedom components 
Source 
Rectangularity 
Li near 
Remainder 
Error (a) 
Harvest Date 
Linear 
Remainder 
Error (b) 
Rect x Harvest 
Rect(L) x 
Harvest (L) 
Rect(L) x 
Harvest (Q) 
Rect(Q) x 
Harvest(L) 
Rect(Q) x 
Harvest (Q) 
df 
2 
1 
1 
4 
2 
1 
I 
12 
4 
.. k 
Significant at a= 0.05. 
~(,'(significant at a= 0.01. 
SS 
9.658 
9.245 
.413 
4.398 
185.583 
181 • 261 
4.322 
15.962 
17.962 
13.293 
2.806 
0.001 
I .863 
MS 
9.245 
.413 
1 • 010 
181. 261 
4.322 
I. 296 
13.293 
2.806 
0.001 
I. 863 
F Test 
139.86''(")'( 
3.33 
2. 17 
o.oo 
1.43 
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Figure 2. Mean yield (Kg) of Wondergreen green beans per unit 
rectangularity as affected by three successive harvest 
dates in 1973. Means obtained are based on three 
rep! ications and represent yield from 0.0004 hectare. 
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Growth Response 
Plant weight 
Analysis of variance Table A4of the Appendix summarizes the 
statistical treatment of the 3 x 3 x 2 randomized block design analyzed 
by cultivar for mean plant weight. The greatest source of variance for 
this variable was associated with the interaction of the factors, be-
tween row spacing and within row spacing; the interaction was signifi-
cant at the 1% level of significance for all three cultivars and is 
depicted in Figure 3. Blocks and main effects were not statistically 
significant. 
Means Examination of the 1972 data for mean plant weight is 
depicted in Table 4. The variable declined in value as either between 
row or within row spacings were reduced. A dramatic increase in mean 
plant weight was observed with the treatment having the spacing con-
figuration of 96.5 cm by 5. 1 cm, and was significantly different (a= 
0.05) from all other treatments of each cultivar except for that treat-
ment of Bush Blue Lake 274 with a BRS = 96.5 cm and WRS = 2.5 cm. 
Differences in cultivars were also apparent; for each treatment, 
Bush Blue Lake 274 maintained the largest mean plant weight followed 
in order by Early Gallatin and Slimgreen. 
Based on Duncan's Multiple Range Test, mean plant weight of all 
treatments in the narrowest rows did not differ significantly from the 
most dense planting with 48.25 cm row widths. Additionally, 96.5 cm 
row widths coupled with in-row spacings of 2.5 cm did not differ signifi-
cantly from treatments established with 48.25 cm row widths. 
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Figure 3. Mean weight per plant (gm) of three green bean cultivars 
as affected by between row spacing and within row spacing 
in 1972. Means obtained are based on four replications. 
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Table 4. Mean plant weights of three green bean cultivars as influenced 
by between row and within row spacing 
Treatment 
96.50 cm x 2.5 cm 
96.50 cm x 5. 1 cm 
48.25 cm x 2.5 cm 
48.25 cm x 5. 1 cm 
24. 10 cm x 2.5 cm 
24. 10 cm x 5. 1 cm 
SI imgreen 
78.5 bl 
11 2. 1 a 
49.0 c 
79.9 b 
27.7 c 
37.7 c 
Mean plant weight (g) 
Early Gallatin Bush Blue Lake 274 
87.6 b 
121.2 a 
68. 1 b' c 
74.o b 
31.3 c 
49.0 c 
102.6 b 
134.8 a 
79.0 c 
94.0 b 
55.4 c 
51. 3 c 
1Means fol lowed by the same letter do not differ significantly at 
the 5% level of significance, Duncan's Multiple Range Test. 
Plant height 
Analysis of variance Two of the cultivars tested in 1972, 
Slimgreen and Early Gallatin, were found to have a significant inter-
action at a= 0.01 between BRS and WRS as tabulated in Table AS of the 
Appendix. There were no other sources of variation of statistical 
significance with these two cultivars; Bush Blue Lake 274 was character-
ized by no significant sources of variation although variation due to 
the interaction of between row spacing and within row spacing was the 
biggest contributor to treatment sum of squares. Figure 4 depicts the 
significant interactions found in the two cultivars previously mentioned. 
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Figure 4. Mean height of canopy (cm) of two green bean cultivars 
as affected by between row spacing and within row spacing 
in 1972. Means obtained are based on four replications. 
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Means 
~~-
In regard to plant height, there were obvious differ-
ences in the means of this variable in 1972 due to cultivar as seen in 
Table 5. For each treatment, Early Gallatin demonstrated the largest 
amount of vertical growth while Sl imgreen consistently exhibited the 
smallest mean plant height. Within cultivar and at a given between 
row spacing, mean plant height was generally constant for the within 
row spacings of 2.5 cm and 5.1 cm. However, noticeable variation was 
observed with Early Gallatin at the 24. 1 cm row width, and the variable, 
plant height, tended to increase 1 inearly as row width was decreased 
as depicted in Figure 4. The response revealed no consistent patterns 
with Slimgreen or Bush Blue Lake 274 as mean plant height peaked at 
spacing combinations of 46.25 cm by 2.5 cm and 96.50 cm by 2.5 cm 
respectively for the two cultivars; there was 1 ittle variation in plant 
height for all treatments of each cultivar as graphically displayed in 
Figure 4 with Slimgreen. 
Comparisons between treatment means with Duncan's Multiple Range 
Test confirmed the generalizations discussed in the preceding para-
graph. With Early Gallatin, there were no significant differences be-
tween the two within row spacings at a given BRS, but generally between 
row spacing treatment means were significantly different from each other 
at a= 0.05. There were no differences among treatments with Bush Blue 
Lake 274, and in regard to Slimgreen, the treatment producing the tall-
est mean height was only significant at the 95% level of significance 
from the two shortest treatment means. There was no apparent 
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relationship between these significant differences in terms of main 
effects, and furthermore, a mere 0.3 cm difference caused the signifi-
cance between the treatments involved which implied treatment means 
were, for all practical purpose~, equivalent; this agrees with the 
graphical representation in Figure 4. Significance was undoubtedly 
related to the very small mean square of error in the analysis of 
variance. 
Table 5. Mean plant heights of three green bean cultivars as in-
fluenced by between row and in row spacing 
Treatment Mean plant height (cm) 
S l imgreen Early Gallatin Bush Blue 
Lake 274 
38. 1 l 42.8 c 38. l a a 96.50 cm x 2.5 cm 
96.50 cm x 5. l cm 36.4 a,b 42.2 c 4o.8 a 
48.25 cm x 2.5 cm 35.6 b 47. l b 42.3 a 
48.25 cm x 5. l cm 35.7 a,b 47.9 b 41.0 a 
24. l 0 cm x 2.5 cm 37.3 a,b 53.0 a 40.8 a 
24.10 cm x 5.1 cm 35.4 b 49.4 a,b 40.2 a 
l Treatment means fol lowed by the same letter are not statistically 
different at a= 0.05, Duncan's Multiple Range Test. 
Canopy development 
Analysis of variance The analysis of variance for the random 
variable, plant canopy, is presented in Table A6 of the Appendix. 
Blocks and within row spacing were not significant in 1972. Sources 
of variation of statistical significance were the same for all three 
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cultivars. Although between row spacing was of importance at a= 
0.01, the interaction of main effects contributed most to the treat-
ment sum of squares; this indicated that between row spacing and with-
in row spacing were not independent at the 99% level of significance. 
The interactions for al 1 three cultivars are graphed in Figure 5 and 
reveal that both changes in direction and magnitude of the response 
are involved. 
Means Mean canopy development was directly related to the be-
tween row spacing in 1972; that is, the spread of the plant canopy 
conformed to the dimensions of the between row space. Data is tabu-
lated in Table 6. The variable appeared to have a linear relationship 
wi th BRS regardless of the within row spacing. Cultivar influenced 
the slope of the plots in Figure 5, and Slimgreen was characterized by 
a distinct flattening of the response at the widest between row and 
within row spacing arrangement. The two other cultivars varied I ittle 
1n regard to the slope of the response although Early Gallatin filled 
in the between row space more effectively than Bush Blue Lake 274. At 
the narrowest spacing between the rows (24. 1 cm), there was little 
difference between cultivars in canopy development. 
All cultivars exhibited less canopy expansion at the widest BRS 
when the 5. 1 cm within row spacing was compared to the 2.5 cm treat-
ment; the reverse was true at the 4&25 between row spacing while re-
sults were inconclusive with the 24. 1 cm treatments. This irregularity 
of the response to the within row spacing contributed to a multitude 
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Figure 5. Mean canopy development (cm) of three green bean cultivars 
as affected by between row spacing and within row spacing 
in 1972. Means obtained are based on four replications. 
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of direction changes which created the highly significant interaction 
with BRS. Except for occassional treatments of Slimgreen, a plot of 
all treatment means would describe a fairly straight line which would 
maximize the importance of BRS in the response of canopy development 
and minimize the significance of the BRS x WRS interaction. Results 
of comparing treatment means in Table 6 with Duncan's Multiple Range 
Test further support this view by demonstrating that there were no 
significant differences in canopy development at a given row width; 
however, within cultivar, all row widths were significantly different 
from each other at a= 0.05, and in many instances the significance 
extended to the 99% level of significance. 
Table 6. Mean canopy development of three green bean cultivars as in--
fluenced by between row and in row spacing 
Treatment Mean canopy development (cm) 
Sl imgreen Early Gallatin Bush Blue 
Lake 274 
96,50 2.5 77 .5 1 83. 9 a 78.8 a cm x cm a 
96.50 cm x 5.1 cm 69.2 a 81. 6 a 75.7 a 
48.25 cm x 2.5 cm 38,3 b 45.3 b 37.2 b 
96.50 cm x 5. 1 cm 48.2 b 41. 4 b 43.3 b 
24. 10 cm x 2.5 cm 22.9 c 19.6 c 24.7 c 
24. 10 cm x 5.1 cm 19.9 c 23.0 c 25.0 c 
1 Treatments followed by the same letter do not di ff er signifi-
cantly at a= 0.05. 
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Yield Response and Growth Response -
Correlation Coefficients 
Table 7 contains the correlation coefficients of the variables, 
yield, plant weight, plant height, and canopy development. A measure 
of density, plant count utilizing mean plant counts of the six treat-
ments studied in 1972, is included in the table. 
Over all cultivars, yield expressed on an area basis, bore no 
high correlation with any of the factors of growth response; results 
were the same when analyzed by cultivar although Early Gallatin demon-
strated an inverse correlation (r = -0.58) with plant count. Plant 
weight was correlated highly with canopy development and plant count 
over all cultivars and by cultivar; the relationships were expressed 
by r values exceeding 0.72 and were negative with plant count and 
positive with canopy development. Thus, as density increased, plant 
weight decreased linearly, and as the canopy developed in width, plants 
became heavier in a linear manner. Plant height was not highly corre-
lated to any factor when cultivars were combined, but when examined 
individually, Early Gallatin exhibited a positive correlation with 
plant count (r = 0.78) and a negative correlation with canopy develop-
ment {r = -0.77). Increased population pressures increased the height 
of this cultivar and a' expansion into the between row space was 
restricted, the plant response was increased growth in the vertical 
plane. 
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Tab I e 7. Correlation coefficients between four variables with three 
green bean cultivars over all cultivars and by cultivar 
Pl ant Plant Yield Plant Canopy 
count weight height development 
Al I Cultivars 
Plant count I. 000 -0.767 -0. 184 0.235 -0. 751 
Plant weight -0,767 l .000 0.099 -0.086 o. 778 
Yield -0.184 -0.099 l. 000 -0.219 0.094 
Plant height 0.235 -0.086 -0 . 219 I . 000 -0. 165 
Canopy development -0.75 1 o. 778 0.094 -0.165 I. 000 
SI im~reen 
Plant count l. 000 -0.810 -0. 101 0.003 -0.765 
Plant weight -0.810 I. 000 0.047 o. 167 0.790 
Yield -0. I 01 -0.047 I. 000 0.080 -0.073 
Plant height 0.003 0. 167 -0.080 1.000 0.391 
Canopy development -0.765 0. 790 -0.073 o. 391 I .000 
Earl~ Gallatin 
Plant count I . 000 -0.747 -0.583 o. 779 -0.814 
Plant weight -0.747 I. 000 o.495 -0.627 0.803 
Yield -0.583 o.495 I. 000 -o.444 o.447 
Plant height o. 779 -0.627 -0.444 I .000 -0. 772 
Canopy deve l opment -0 . 814 0.803 0.447 -0. 772 I. 000 
Bush Blue Lake 274 
Plant count I . 000 -0.728 0.285 0.081 -0.758 
Plant weight -0.728 I .000 -0. 077 0.095 0.819 
Yield 0.285 -0.077 I. 000 o.467 -0.297 
Plant height 0.081 0.095 o.467 I . 000 -0.105 
Canopy development 
-0.758 0.819 -0.297 -0 . 105 1.000 
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Qua 1 i ty 
Since there were differences in fruit characteristics between the 
three cultivars studied in the 1972 growing season, the statistical 
t reatment of the data was conducted entirely by cultivar. Four random 
variables, percentage pod number, percentage pod weight, percentage 
seed weight, and pod length, were chosen as measures of quality in 
g reen beans. These variables were analyzed by the six sieve size cate-
gories currently used in the processing industry for grading green 
beans; these categories are explained in Table 8. 
Table 8. Sieve size classifications for processing green beans 
Si eve size Range of diameter of sieve sizea 
46 mm to, but not including 57.5 mm 
2 57.5 mm to, but not including 73.4 mm 
3 74.3 mm to, but not including 83.4 mm 
4 83.4 mm to, but not including 95.2 mm 
5 95.2 mm to, but not including 107.2 mm 
6 and larger 107.2 mm and larger 
aDiameter limits converted from English system commonly employed 
in the U.S. processing industry. 
Thus, the analyses examined by cultivar the effects of the treatments 
of between row spacing and within row spacing on the distribution of 
the bean pods throughout the six sieve sizes as measured by the four 
responses discussed previously. Since all of the responses, except pod 
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length, were described by percentages, an arc sine transformation of 
the data was performed in order to conduct the analyses of variance. 
Percentage pod number, pod weight, and seed weight 
Analyses of variance Preliminary analyses revealed that main 
effects had no significant affect on the distribution of pods in the six 
sieve sizes as measured by percentage pod number, percentage pod weight, 
and percentage seed weight regardless of cultivar. An exception was 
the main effect of sieve size which proved to be highly significant in 
all analyses (a= 0.01). However, this fact was expected since sieve 
sizes involve grading procedures which create a distribution of pods 
in which differences between the six categories in any of the three 
responses examined is highly probable. 
Further analyses were conducted by breaking treatment sum of squares 
into single degree of freedom components. Although there were signifi-
cant components, there was no continuity between cultivars regarding the 
components which contributed significantly to the treatment sum of 
squares. Additionally, the significant components often involved com-
plex interactions which could not be explained in biological terms. 
An example of one of these analyses is presented in Table A7, it 
examines the variable, percentage pod number, with the cultivar Slim-
green. Again, much of the variance is found in the single degree of 
freedom components associated with sieve size. All of the 1972 
analyses were similar to this example and are not presented to conserve 
space since no explainable effects due to BRS, WRS, or the interaction 
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of BRS and WRS were revealed in the statistical treatment of the vari-
ables, percentage pod number, percentage pod weight, and percentage 
seed weight for the cultivars, Slimgreen, Early Gallatin, and Bush 
Blue Lake 274. Because of the difficulties encountered with inter-
preting the analyses of variance of the responses in 1972, the three 
variables were not analyzed statistically in 1973. Also, the experi-
mental design employed that year precluded handling the data in the 
manner done the previous year. 
Means 
Percentage pod number The three way interaction of sieve 
size, between row spacing and within row spacing is portrayed graphic-
ally in Figure 6 for the data collected in 1972 with the cultivars Slim-
green, Early Gallatin, and Bush Blue Lake 274. For all cultivars, the 
number of pods in each sieve size, expressed as a percentage of the 
total number of pods in a 454 gram sample, increased as sieve size was 
varied from category one to category four. The variable decreased 
sharply as sieve size was increased further through categories five 
and six. There were differences due to cultivar as Slimgreen produced 
a very small percentage of sieve size five green beans, and no pods 
were graded into the largest category. Early Gallatin and Bush Blue 
Lake 274 were characterized by a distribution of pods in which the per-
centage in sieve sizes three and five were relatively equal. These 
cultivar differences were attributed to the relative differences in 
the characteristic diameter of mature pods of each cultivar. 
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Figure 6. Mean distribution of number of pods of three green bean 
cultivars in the six sieve sizes used in quality deter-
mination as affected by the between row spacing and 
within row spacing in 1972 . Means obtained are per-
centages based on one 454 gram sample from each of four 
rep l i cations. 
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Nevertheless, all cultivars had the greatest preponderance of total 
pod numbers graded into the sieve four category. 
Actual average number of pods in a 454 gram sample for all treat-
ments studied in 1972 is presented by cultivar in Table 9. For all 
treatments , the average number of pods of Slimgreen in a unit sample 
weight was substantially larger than the other two cultivars which 
attested to Slimgreen's characteristically small diameter pods. Early 
Gallatin was intermediate in regard to pod size while Bush Blue Lake 
274 produced the largest sized green beans. 
Table 9. Average number of pods in a 454 gm sample of green beans as 
affected by between row spacing and within row spacing and 
cultivar 
Treatment Average number of pods 
Sl imgreen Early Gallatin Bush 
Lake 
96.50 cm x 2.5 cm 120 91 68 
96.50 cm x 5. 1 cm 120 89 78 
48.25 cm x 2.5 cm 130 100 71 
48.25 cm x 5. 1 cm 113 101 73 
24. 10 cm x 2.5 cm 151 123 81 
24. 10 cm x 5. 1 cm 136 105 89 
Blue 
274 
As row width was decreased, the size of the pods was affected in-
versely as measured by pod numbers in a unit sample weight. Within row 
spacing had 1 ittle affect on this factor except with the cultivar Slim-
green w~ere reduction in spacing within the row increased substantially 
the number of pods i n 454 gram samples taken from treatments with either 
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46.25 cm or. 24.10 cm row widths; Early Gallatin behaved similarly at 
the narrowest row width tested. Bush Blue Lake 274 generally had the 
same number of pods at a given BRS regardless of within row spacing. 
Within cultivar there were few apparent differences between treat-
ment means in the small diameter sieve sizes and the large diameter 
sieve five and six categories; all of these sieve sizes contained small 
percentages of the total number of pods. Considering the intermediate 
sieve sizes which possessed the majority of the pods, there was a trend 
suggesting that reduction in BRS increased the percentage of pods fall-
ing into either the sieve three or sieve four category. Furthermore, a 
between row spacing of 48.25 cm concentrated pod numbers in the sieve 
four category, and a within row spacing of 5. 1 cm further enhanced this 
concentration; this fact was best demonstrated by the cultivar Slimgreen 
which had a 10 percent increase in pod number when this treatment was 
compared to all other treatments at a different BRS. 
The three way interaction of sieve size, rectangularity, and 1973 
harvest date is depicted in Figure 7. The average number of pods in 454 
gram samples taken from treatments at each harvest is tabulated in 
Table 10. 
Table 10. Average number of pods in a 454 gram sample of green beans as 
affected by rectangularity and harvest date 
Treatment Average number of pods Harvest I Harvest 2 Harvest 
38. 0: l. 0 150 13 l 118 
9.5:1.0 154 119 103 
2. 25: l. 0 150 114 90 
3 
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Figure 7. Mean distribution of number of pods of Wondergreen green 
beans in the six sieve sizes used in quality determina-
tion as affected by rectangularity and 1973 harvest date. 
Means obtained are percentages based on one 454 gram 
sample from each of three replications. 
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At the initial harvest, the distribution of pods in the six sieve 
categories was similar to that attained in 1972 for each rectangularity 
although pod numbers were concentrated in the sieve three category. As 
harvest was delayed, the distribution of pods shifted from the smaller 
sieve sizes to the larger categories due to simple maturation of the 
pods. The number of pods in a sample weight correspondingly decreased. 
The shift was similar for rectangularities of 2.25:1 and 9.5:1, but there 
appeared to be a delay with a rectangularity of 38.0: l; thus, the average 
percentage of pods in the smallest si~ve sizes remained relatively higher, 
and as a consequence, the number of pods in the sieve four category was 
substantially less when compared with other rectangularities. Again, pod 
number in 454 gram samples supported this contention. In 1973, the con-
centration of pods in the sieve four category was also enhanced by re-
ducing between row spacing and increasing within row spacing; that is, 
concentration was enhanced by reducing rectangularity. 
Percentage pod weight 
The three way interaction of 1972 data between sieve sizes, between 
row spacing, and within row spacing is presented for the cultivars Slim-
green, Early Gallat in, and Bush Blue Lake 274 in Figure 8. If Figure 6 
is compared with Fi gure 8, the interactions displayed graphically in both 
figures proved to be very similar for individual cultivars. This would be 
expected since the distributions of pod number and the weight of these 
pods are intrinsically related. Thus, the comments made previously with 
the yariable, percentage pod weight, are applicable to the response, per-
centage pod weight. 
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Figure 8. Mean distribution of pod weight of three green bean 
cultivars in the six sieve sizes used in quality deter-
mination as affected by the between row spacing and 
within row spacing in 1972. Means obtained are percent-
ages based on one 454 gram sample from each of four 
replications. 
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The main difference in the latter response was a further increase 
in the average mean values of pod weights in the larger sieve sizes 
relative to the sma l lest sieve sizes. This occurs because a given per-
centage of pod numbers in a small sieve size weighs relatively less than 
the same percentage of pods in a larger sieve category. Furthermore, 
when two sieve sizes are compared, the differences between percentage 
pod number and percentage pod weight in a unit sample such as 454 grams 
increases as the distance between the two sieve categories on the grading 
scale is widened. 
The three way interaction of sieve size, rectangularity, and 1973 
harvest date is presented in Figure 9. Comparing Figure 7 and Figure 9 
reveals that there were few differences between the responses, percentage 
pod number and percentage pod weight. The largest change in the shape of 
the responses depicted in the two graphs was observed in the sieve three 
category at the second harvest date. As discussed previously, the pro-
portion of green bean pods attributed to that category by weight was 
overshadowed by the next largest sieve size even though the proportion 
of pod number in sieve size three was the greatest at any time at the 
second harvest. Thus, there appeared to be a gradual decline in the per-
centage pod weight of sieve three green beans as harvest data was de-
layed; there were effects due to rectangularity which will be discussed 
more fully in the 11Discussion11 section of this paper. 
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Figure 9. Mean distribution of pod weight of Wondergreen green 
beans in the six sieve sizes used in quality determina-
tion as affected by rectangularity and 1973 harvest 
date. Means obtained are percentages based on one 454 
gram sample from each of three replications. 
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Percentage seed weight 
1972 data concerning the percentage of total weight of pods at-
tributed to seeds for the three sieve ~izes of economic importance is 
graphically displayed in Figure 10; the graphs in Figure 10 depict the 
interaction of sieve size with between row spacing and within row spac-
ing. 
For all cultivars, when sieve sizes were compared, the larger the 
sieve size the greater was the proportion of total pod weight attributed 
to seeds. This would be expected since pods graded into the larger sieve 
sizes had larger circumferences which implied more advanced stages of 
development of the fruit including maturation of the seeds. There were 
also differences due to cultivar. For each sieve size, Slimgreen demon-
strated more seed development which, depending on treatments compared, 
was 3.5 percent to 7.5 percent greater than similar treatments of either 
Early Gallatin or Bush Blue Lake 274. Considering that maximum percent 
age seed weight in any sieve size of these cultivars was 7.0 percent, 
this was a conside rable difference which implied that Slimgreen was 
physiologically mo re mature. Early Gallatin and Bush Blue Lake 274 
differed little in seed development at each sieve size although the 
former cultivar tended to be characterized by percentage seed weights 
approximately 0.5 percent to 1.5 percent above those of the latter 
cultivar depending on treatments compared. 
When comparing between row spacings over all sieve sizes within 
cultivar, the percentage seed weights of Early Gallatin and Bush Blue 
Lake 274 tended to increase as between row spacing was reduced, but the 
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Figure 10. Mean percentage seed weight (%) of three green bean 
cultivars in sieve categories three, four, and five 
used in quality determination as affected by the be-
tween row spacing and within row spacing in 1972. 
Means obtained are based on one 454 gram sample from 
each of four replications. 
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trends were of 1 ittle consequence as evidenced by the small degree of 
slope. Within row spacings caused many changes in direction of the 
response in these two cultivars as BRS was reduced; but at any row 
width, differences in response due to WRS were less than 1.0 percent. 
Sl imgreen was characterized by greater differences in the response 
of the variable to the between row spacing and within row spacing. With 
sieve four and five categories, there were differences of 1.0 percent 
and 1.5 percent respectively among within row spacings at BRS = 96.50 cm. 
Although there were changes in direction of the response, only minor 
differences existed between treatment means at row widths of 48.25 cm 
and 24. 10 cm. Excluding the treatment coupling a BRS of 96.50 cm and 
a WRS of 2.5 cm, percentage seed weights of sieve four and five green 
beans tended to decrease as BRS was reduced; this was in contrast to 
what was noted with Early Gallatin and Bush Blue Lake 274. The trend 
in the response was reversed with sieve three green bean pods. 
The interaction of sieve size, rectangularity, and 1973 harvest 
date is depicted in Figure 11. Seed development of sieve four pods was 
consistently greater than that observed with sieve three green beans at 
each harvest for each rectangularity. Over all rectangularities, the 
percentage seed weight of sieve three and sieve four green beans experi-
enced an average increase of 2.0 percent and 3.8 percent respectively in 
the time interval between the first and last harvest. Additionally, the 
rate of seed development within each of the two sieve sizes depicted in 
Figure 10 tended to decrease between the second and third harvest as 
evidenced by the change in degree of the slope of the three 1 ines 
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Figure 11. Mean percentage seed weight (%) of Wondergreen green 
beans in sieve categories three and four and in quality 
determination as affected by rectangularity and 1973 
harvest date. Means obtained are based on one 454 gram 
sample from each of three replications. 
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representing the treatments of rectangularity. However, a very linear 
response in both sieve sizes was noted throughout the harvest dates 
studied in 1973 with the treatment having a rectangularity of 38.0:l. 
Between the second and third harvests, there actually was a decline in 
the response in sieve sizes three and four with the treatment having a 
rectangularity of 9.5:1. 
Generally, the differences in response due to rectangularity were 
minor at the initial harvest with sieve four green beans; at the same 
harvest, maximum differences of 1.0 percent existed between the treat-
ments means of sieve size three pods with seed development being in-
versely related to rectangularity. This order of response to rectangu-
larity was also clearly established by the second harvest in the sieve 
four category, but was lost at the final harvest in both sieve sizes 
due to a change of direction of the response of the treatment with a 
rectangularity of 9.5:1 as previously described. 
Pod length 
Analysis of variance Since the analyses of variance for the 
responses, pod length, with each of the three cultivars studied in 1972 
were essentially identical in regard to the significance of the single 
degree of freedom components contributing to treatment sum of squares, 
the statistical treatment of the data collected with Slimgreen is pre-
sented in Table AB of the Appendix as an example. As no percentages were 
involved in the measure of the response, the data was handled without the 
arc sine conversion described previously with the variables percentage 
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pod number, percentage pod weight, and percentage seed weight. 
The statistical importance of the components of sieve size, namely 
the linear and quadratic components, was again evident, and these com-
ponents contributed most heavily to treatment sum of squares. However, 
in contrast to the thre :~ responses of quality discussed previously, 
there was significance (a= 0.01) due to the linear component of the 
main effect, between row spacing. Additionally, the 1 inear component 
of within row spacing was significant with Sl imgreen and Early Gallatin 
at the 1% level of significance, but this main effect was not of im-
portance statistically with the response attained with Bush Blue Lake 
274. Several different interactions, depending on cultivar, were statis-
tically important, but only the three way interaction of sieve size, BRS 
and WRS from treatments of Early Gallatin involved totally linear compo-
nents which held promise of being evaluated in terms of biological 
criteria. 
The response of pod length was not evaluated statistically in 1973. 
Means The three way interactions of all cultivars studied in 
1972 for the main effects, sieve size, between row spacing, and within 
row spacing are depicted in Figure 12 for the variable pod length. Mean 
pod length increased for each cultivar studied as sieve size was increased 
which provided the significance due to sieve size; the relationship was 
linear. Logically, sieve one pods, which are physiologically immature, 
would be expected to be significantly smaller in length than sieve five 
pods which are very close to being totally mature. As comparisons were 
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Figure 12. Mean pod length (cm) of three green bean cultivars in 
the six sieve categories used in quality determination 
as affected by the between row spacing and within row 
spacing in 1972 . Means obtained are based on one 454 
gram sample from each of f our replications. 
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made between treatment means of the largest sieve categories, differ-
ences were small which indicated pod extension ceased or slowed down in 
either sieve sizes four or five depending on cultivar. 
For each cultivar, there was a trend suggesting that mean lengths 
of pods in each sieve category increased as the spacing between the rows 
was increased; the response was 1 inear and was most clear cut with the 
cultivar Slimgreen; the effect was also well documented in all cultivars 
when only sieve sizes three, four, or five were examined. Depending on 
within row spacing and sieve size, differences between treatment means 
with 96.50 cm and 24.10 cm row widths varied from 0.7 cm to 2.0 cm (Slim-
green), 1.8 cm to 2.0 cm (Early Gallatin), and 0.7 cm to 1.5 cm (Bush Blue 
Lake 274; differences between the treatment means with 48.25 cm widths and 
either of these two extreme row widths were consistently intermediate in 
value. Since there were differences due to cultivar in pod length with 
those of Slimgreen being slightly smaller than those of Early Gallatin 
sieve size by sieve size, the percent reduction in total pod length was 
greatest with Sl imgreen; Bush Blue Lake 274 consistently produced the 
longest podded green beans in each sieve category, and as a result, the 
percent reduction was least with this cultivar. 
Looking at the data for each cultivar and comparing treatment means 
at each BRS for each sieve size, there was also a general reduction in 
mean pod length when within row spacing was reduced from 5. 1 cm to 2.5 
cm; this trend was very apparent with the data for Slimgreen and for the 
other two cultivars in sieve sizes three, four, and five where the 
largest proportion of total pods occurred; the only exception to this 
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statement is seen in sieve category five with pods of Bush Blue Lake 
274. 
The three way interaction of mean pod length, rectangularity, and 
1973 harvest date is displayed graphically in Figure 13. Again, pod 
length was directly related to sieve size with smaller sieve sized pods 
being considerably less in length than the pods in the larger sieve 
categories. Regardless of rectangularity, there were only minor differ-
ences in mean lengths of pods in each sieve category for the three har-
vest dates studied in 1973. Examination of the data for response due 
to treatments {rectangularities) revealed that there were no consistent 
patterns in mean pod length between sieve sizes or harvest date. There 
were a multitude of direction changes due to rectangularity but these 
appeared to result in inconsequential differences in pod lengths. 
Economic Returns 
The treatment mean yields attained in 1972 per sample area (0.0004 
hectare) are converted to projected mean yields per hectare in Table 11; 
a similar conversion is presented in Table 12 with data compiled in 1973 
for treatments of rectangularity. The distributions of pods in the six 
sieve categories for the treatments studied in 1972 as measured by per-
centage pod weight are tabulated in Table 13. Sieve sizes one through 
three were combined in the table since all pods in these three sieve 
categories were valued equally tn 1972 contracts offered to Iowa green 
bean growers by the processor, Vista Products, Inc. of Storm Lake, Iowa. 
The right hand section of Table 13 demonstrated the contribution of each 
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Figure 13. Mean pod length (cm) of Wondergreen green beans in 
sieve categories one through four used in quality deter-
mination as affected by rectangularity and 1973 harvest 
date. Means obtained are based on one 454 gram sample 
from each of three rep! ications. 
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Table 11. Projected mean yields per hectare for three green bean 
cultivars as influenced by between row and within row 
spacing 
Treatment Projected yield/hectare (kg/ha) 
S 1 imgreen Ear 1 y Ga 11 at in Bush Blue 
Lake 274 
96.50 cm x 2.5 cm l 3' 250 13,675 12,325 
96.50 cm x 5. 1 cm 13, 1 25 13' 725 11 '650 
48.25 cm x 2.5 cm 15,575 15,425 13,975 
48.25 cm x 5. 1 cm 17,900 15,800 14,350 
24. 10 cm x 2.5 cm 13,450 9,325 13,975 
24. 10 cm x 5. 1 cm 14,150 12,450 13'425 
Tab 1 e 12. Projected mean yields per hectare for Wondergreen green 
beans as influenced by rectangularity and harvest date 
Treatment Projected yield/hectare (kg/ha) 
Harvest 1 Harvest 2 Harvest 3 
2. 25: 1. 0 10,750 14,600 15,525 
9.50:1.0 8,250 13,750 15,475 
38 0 00: 1. 0 7' 350 11,725 16,925 
sieve size to total economic returns per hectare which are tabulated in 
the last column of the table. Economic returns by harvest date for the 
second year of data is depicted in Table 14; monetary value of the treat-
ments due to rectangularity were calculated as done in Table 13 using 
the prices offered in 1973 processor contracts. 
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Tab 1 e 13. Economic returns per hectare for three green bean cultivars 
as influenced by sieve size, between row spacing, and within 
row spacing 
Treatment Projected Percentage pod weight by sieve size 
yield % 
(kg/ha) 1-3 4 5 6 
S 1 im9reen 
96.50 cm x 2.5 cm 13,250 34. 38 52.08 13.54 0.00 
96.50 cm x 5. 1 cm 13, 125 35.41 52.23 12.37 o.oo 
48.25 cm x 2.5 cm 15,575 36.43 60.36 4.28 o.oo 
48.25 cm x 5. 1 cm 17,900 29.85 61.53 8.61 o.oo 
24. 10 cm x 2.5 cm 13,450 38.59 56.81 4.61 o.oo 
24. 10 cm x 5. 1 cm 14, I 50 35.02 61.23 5.01 o.oo 
Early: Gallatin 
96.50 cm x 2.5 cm 13,675 19.43 45.57 27.06 7 .93 
96.50 cm x 5. 1 cm I 3, 725 17.63 50.06 26.95 5.35 
48.25 cm x 2.5 cm 15,425 12. 17 59.80 24.29 3.73 
48.25 cm x 5. 1 cm 15,800 17.60 51. 39 25.96 5.06 
24. JO cm x 2.5 cm 9,325 18.84 48.25 27.32 5.58 
24. I 0 cm x 5. I cm 12,450 1 I .45 54.30 28.26 5.98 
Bush Blue Lake 274 
96.50 cm x 2.5 cm 12,325 23.66 49.68 21. 23 6.24 
96.50 cm x 5. I cm 11,650 31.74 49.25 16. 12 4. 35 
48.25 cm x 2.5 cm 13,975 18.52 48.88 22.70 10.23 
48.25 cm x 5. I cm 14,350 20.58 51 .07 19.61 9.90 
24.10 cm x 2.5 cm 13,975 18.60 54.85 18.90 7.65 
24. I 0 cm x 5. 1 cm 13,425 22.39 51.44 20.27 6.03 
aPrices per kilogram of green beans were $0.094 for sieve 1-3 
($0.0425/lb}, $0.083 for sieve 4 ($0.0375), $0.033 for sieve 5 
($0.015/lb), and $0.000 for sieve 6. 
b . 
' For conversion to economic return per acre, multiply figures in 
column by 0.88. 
73 
Value of yield by sieve size {$/ha)a Total value of yield ($/ha)b 
1-3 4 5 6 
428.20 572. 75 59.20 o.oo 1, 060. 15 
436.87 568.98 49.50 o.oo 1'055. 35 
533.35 780.29 22.00 o.oo 1, 335.64 
502.26 914.15 50.86 o.oo 1,467 .27 
487 .89 634.20 18.94 o.oo 1,141.03 
465.80 719.12 23. 39 o.oo 1,208.31 
249.76 517.23 122.12 o.oo 889. 11 
227.45 570.27 122.06 o.oo 919.78 
176.46 765.60 123.64 0.00 1,065. 70 
261. 39 673.93 135. 36 0.00 1,070.68 
165. 14 373.44 84.07 0.00 622.65 
134.00 561 • 11 116. 11 o.oo 811 • 22 
274. 11 508.21 86.35 0.00 868.67 
347.58 476.22 61.97 o.oo 885.77 
243.29 566.97 104.69 o.oo 914.95 
277.60 608.27 92.86 o.oo 978.73 
244.34 636.22 87. 16 o.oo 967.72 
282.55 573.18 89.80 o.oo 945.63 
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Table 14. Economic returns per hectare for Wondergreen green beans 
Treatment 
Harvest 1 
2. 25: 1. 0 
9.5 : 1.0 
38. 0 : 1. 0 
Harvest 2 
2.25:1.0 
9.5 : 1.0 
38. 0 : 1. 0 
Harvest 3 
2. 25: 1. 0 
9.5 : 1.0 
38. 0 : 1.0 
as influenced by sieve size, harvest date and rectangularity 
Projected 
yield 
(kg/ha) 
10,750 
8,250 
7,350 
14,600 
13,750 
11, 725 
15,525 
15,475 
16,925 
Percentage pod weight by sieve size 
% 
1-3 
77. 33 
86.90 
77,87 
62,55 
67.57 
62.31 
30.29 
40.78 
47.75 
4 
22.66 
13. 09 
21. 55 
35. 77 
29.72 
29.67 
49.96 
45.58 
35. 10 
5 
o.oo 
o.oo 
0.58 
4.98 
2.71 
8.02 
19.75 
13.64 
17 0 14 
6 
o.oo 
o.oo 
o.oo 
o.oo 
0.00 
o.oo 
o.oo 
o.oo 
o.oo 
aPrices per kilogram of green beans were $0. 121 for sieve 1-3 
{$0.055/lb), $0.094 for sieve 4 ($0.0425/lb), $0.044 for sieve 5 
($0,020/lb), and $0.000 for sieve 6. 
bFor conversion to economic return per acre, multiply figure in 
column by 0.88 . 
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Value of yield by sieve size ($/ha)a Total value of yield ($/ha)b 
1-3 4 5 6 
1 '005. 87 
867.48 
692.54 
1,105.01 
1,124.20 
884.01 
569.01 
763.60 
977 .88 
228.98 
101.51 
148.89 
490.91 
384. 1 3 
327.01 
0.00 
o.oo 
1.88 
31. 99 
16.40 
41. 38 
729.09 134.91 
663.03 92.87 
558.42 127.64 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
0.00 
0.00 
o.oo 
1,234.85 
968.99 
843.31 
1,627.91 
1,524.73 
1,252.50 
1,433.01 
1,519.50 
1,663.94 
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Green beans were valued higher the second year and were $0.121/kg 
($0.055/lb), $0.094/kg ($0.0425/lb), $0.044/kg ($0.020/lb) and $0.000/kg 
($0.000/lb) respectively for sieve one through three, sieve four, sieve 
five, and sieve six green beans. The previous year (1972), prices of 
pods in each sieve size were $0.094/kg ($0.0425/lb), $0.083/kg 
($0.0375/kg), $0.033/kg ($0.015/lb), and $0.000/kg ($0.000/lb). 
Generally, there was little rearrangement of 1972 treatment means 
when projected yields per hectare and economic returns per hectare were 
compared; thus, monetary value of the treatments was directly related 
to the yield response. However, there were several changes in differ-
ences between treatment means of any cultivar whenever grading opera-
tions resulted in relative differences in the distribution of pods. 
Thus, weight differences were occasionally reduced when monetary values 
were used to describe effects of the treatments. 
Slimgreen consistently provided highest economic return, and in 
all cultivars, monetary value was greatest with the treatment providing 
a between row spacing of 48.25 cm and a within row spacing of 5.1 cm. 
For any cultivar, differences in economic returns between treatments 
was minimized when within row spacings were compared at a given between 
row spacing. The major differences in economic value occurred when 
treatments differing in between row spacings were compared; this was 
dramatic in the case of Early Gallatin. 
Concerning the economic value of the treatments employed in 1973, 
monetary return was again related to the yield response when treatments 
were analyzed during the first and second harvest. However, at the 
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last harvest, gross receipts from the treatments with rectangularity 
ratios of 2.25:1 and 9.5:1 actually declined in value even though yields 
per hectare were substantially up. Green beans grown at a rectangu-
larity ratio of 38.0:l countered this trend, and economic value of the 
yield response was greater than that observed for any other treatment 
at any harvest date examined in 1973. It was noted that yield differ-
ences between this treatment and the treatment providing the second 
most valuable yield (rectangularity of 2.25:1.0 at the second harvest) 
was 2,325 kilograms per hectare, but differences in the monetary value 
of the two yields was only $36.00 per hectare. Thus, at the final har-
vest, all treatments were declining rapidly in value per kilogram, and 
only an extremely dramatic increase in yield prevented actual reduction 
in monetary worth of the treatment with a rectangularity of 38.0:l. 
Cultural Observations 
Weed competition 
During the 1972 growing season, a small study concerning the 
effects of between row spacing and within row spacing on the development 
of the weed population was conducted in one block of the experimental 
design. Although herbicide was utilized, it wa5 desirable to know whether 
weeds which escaped herbicidal activity would become a cultural problem 
in those treatments with narrow rows which could not accommodate til-
lage by conventional equipment. It is recognized that the data is 
limiting and of I ittle value statistically since no replications were 
involved in the collection of the data, but it can be seen in Table 15 
the average counts of annual grasses and annual broadleaf weeds declined 
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as the spacing between the rows was reduced. Observations from treat-
ments with 5 . l cm and 2.5 cm within row spac i ngs were combined to cal-
culate the mean weed counts depicted in the table. 
Table 15. Average weed counts in three green bean cultivars as in-
fluenced by between row spacing 
Average weed count (plants/0.0004 ha) 
Row width Sl imgreen Early Gallatin Bush Blue Lake 274 
96.50 cm 25 39 22 
48.25 cm 20 14 22 
24. IO cm 10 13 10 
Percent available moisture 
Soil moisture was monitored in 1973 with Buoyoucos blocks set at 
15 cm and 45 cm depths in the soil to aid in determination of irriga-
tion needs of the experimental planting. The Buoyoucos blocks were set 
in pairs in one treatment of each rectangularity chosen at random with-
in the planting. Although the data collected was again very incomplete 
due to a malfunction of the monitoring equipment after two sets of ob-
servations were taken, the percent available moisture is depicted in 
Table 16. There were no replications involved in the observations; 
thus, the readings are useful only in revealing trends in the utiliza-
tion of moisture by plant populations established under different spac-
ing configurations. For the two dates observed, moisture near the soil 
surface was nearly the same for all rectangularities, but the moisture 
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Table 16. Buoyoucos block moisture readings as influenced by 
rectangularity 
Rectangularity 
2.25:1.0 
9.5 : 1.0 
38. 0 : 1. 0 
Date 
16 July 
15 cm 45 cm 
61a 58 
64 77 
60 88 
19 July 
15 cm 45 cm 
96 85 
96 92 
94 93 
aReading expressed as percentage of available soil moisture. 
level at the lower depth decreased as rectangularity was reduced. 
Differences in moisture levels between observation dates were due 
to an interim application of irrigation water by overhead sprinklers. 
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DISCUSSION 
The experiments conducted during the 1972 and 1973 gr.owing seasons 
tested snap beans (Phaseolus vulgaris) under various spatial configura-
tions and plant populations in order to determine the feasibility of 
utilizing these cultural methods to increase yield per hectare under 
environmental conditions encountered in the Missouri River Valley of 
western Iowa. Additionally, measurements of various plant parameters 
were taken in an attempt to identify factors control] ing the yield 
differences attained. Further investigations were than conducted into 
the quality of the economic product to ascertain further clues about 
the effect of spatial arrangement and/or plant population upon the 
development of the economic product itself. Finally, quality and yield 
responses to the treatments employed were translated into economic 
benefits to the grower in order to place into proper perspective the 
returns associated with manipulating the plant population and/or spatial 
configuration. 
Population Density and Yield 
When the analysis of variance for the dependent variable yield was 
conducted over all cultivars from 1972 data, variation in response was 
attributed principally to the spacings between the rows. It was noted 
that cultivar and the interaction of cultivars and between the row spac-
ings also contributed to the variation in yield. The significant inter-
action was anticipated because of the inclusion of cultivars which were 
and were not originally developed for the cultural conditions represented 
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by the treatments. The former source of variation was expected due 
to the phenotypic diversity between the three cultivars studied in 
1972. However, it was implied that an analysis of variance by culti-
var was a logical course of action to follow; these analyses were pre-
sented in the previous section. 
Yields of Slimgreen and Bush Blue Lake 274 were entirely dependent 
on the factor of varying spacing between the rows; Early Gallatin dis-
played all variation in the interaction of spacings within the row and 
between the rows which suggested that benefits attained by reducing 
rectangularity were nullified by population densities utilized in the 
1972 test plots. 
However, it was quickly determined that interpretation of the data 
was complicated by two factors. For example, examination of plant counts 
(Table 17) revealed that treatments between cultivars were not standard-
ized, and often plant populations were not as defined by the treatment. 
Although this fact did not affect an analysis of variance conducted by 
cultivar or comparison of treatment means within a specific cultivar, 
it was difficult to compare treatment means between cultivars; also, it 
was not feasible to establish a specific numerical value to a treatment 
if the actual population was not as defined by the treatment. Thus, 
difficulty was encountered in extrapolating apparent trends in the data 
to cover all green podded cultivars of Phaseolus vulgaris even though 
three types of green beans, representing the spectrum of cultivars 
currently available for commercial production, were specifically in-
cluded in the study to make such predictions. Additionally, in several 
Table 17. Expected and actual populations of three green bean cultivars with various between 
row and within row spacing configurations 
S • f. . I pacing con 1gurat1on 
96.50 cm x 2.5 cm a 
96.50 cm x 5. I cm 
48.25 cm x 2.5 cm b 
48.25 cm x 5. I cm a 
24. 10 cm x 2.5 cm 
24. 10 cm x 5. I cm b 
l Treatments followed 
Expected population 
density 
(plants/ha) 
412,500 
206,250 
825,000 
412,500 
1,650,000 
825,000 
Actual population density 
SI imgreen 
294,750 
170,000 
634,375 
338,750 
I, 162,500 
627,500 
(p I ants/ha) 
Early Gallatin 
214,375 
170,625 
485,625 
348,750 
l, I 08, 125 
752,500 
Bush Blue 
Lake 274 
194,375 
132,500 
294,375 
280,625 
675,000 
622,500 
by the same letter have equal populations per unit area but 
different spacing configurations (rectangularity). 
CX> 
N 
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instances, there were large variations in the plant counts among the 
four replications of each treatment. Therefore, the relationship be-
tween plant count per unit.area and yield per unit area needed further 
clarification. Specifically, the cause of the discrepancies between 
expected plant count and actual plant count for the treatments studied 
in 1972 needed to be established. 
Bush Blue Lake 274, a relatively large seeded green bean, never 
attained the plant populations assigned to the treatments. On the 
other hand, the small seeded Sl imgreen approximated the expected popu-
lations in all treatments. Early Gallatin, characterized by intermedi-
ate sized seed, fared considerably better in this regard, but was, 
nevertheless, inferior to SI imgreen. The most serious discrepancies 
between expected and attained populations were associated with those 
treatments having a within row spacing of 2.5 cm. Replication varia-
tion was more pronounced as either the spacing within the row or between 
the row was reduced. 
Holliday (30) noted that although seedling emergence bore a linear 
relationship to the quantity of seed sown, interplant competition very 
early resulted in death of seed.lings. He further explained that plant 
mortality continued throughout the growing season and was abetted by 
adverse growing conditions. These effects were more severe at high 
populations. Since no monitoring of plant death was attempted in 1972, 
it was feasible to advocate that Early Gallatin and Bush Blue Lake 274 
had adjusted their stands downward through interplant competition; and 
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being developed for high density plantings, Slimgreen had demonstrated 
no drastic decline in plant numbers. 
However, lower than desired plant populations associated with the 
treatments having a 2.5 cm spacing within the rows were noted and re-
corded when thinning operations were accomplished several weeks after 
emergence. Bush Blue Lake 274 ~nd Early Gallatin were specifically 
identified in these field observations. Therefore, much of the diffi-
culty with plant counts was directly attributed to technical problems 
r with the mechanical seeding of cultivars having different seed sizes 
even though appropriate allowances in the selection of seed plates had 
been attempted at planting time. It was further concluded that varia-
tion between replications was due to a lack of uniformity in thinning -
especially in regard to those treatments with narrow rows and large 
populations where this practice was most tedious and access to the 
plants most difficult. 
Therefore, the variability in plant counts was not principally the 
result of the relative ability of the population of a specific cultivar 
to survive the interacting forces of competition and environment through-
out the growing season although these factors were undoubtedly at work 
in determining the final stand in the treatments studied. Rather, the 
variability was directly attributed to the variable populations estab-
1 ished under seeding rates which were, in themselves, variable and below 
those necessary to insure accurate populations through thinning. 
Nevertheless, the final relation of plant count to yield remained 
a function of the intrinsic effect of the final stand. The thinning 
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operations conducted on the treatments with a spacing within the row 
of 5. I cm brought all three cultivars within acceptable range of the 
targeted plant populations and reduced variation between cultivars. 
Thus, yields from these treatments were realistically subject to inter 
cultivar comparisons and were reliable data for the treatments as de-
fined. Except for the cultivar Slimgreen, the mean yields of the re-
maining treatments should be interpreted with care because in many 
instances the actual plant populations were not as defined by the treat-
ment. 
In work with many different crops, it has been noted that yield 
per plant decreased in a regular manner when plotted against plant 
populations (18). If the relationship was plotted on double Jog graph 
paper, a I inear plot with a negative slope resulted. In 1972, whereas 
the relationship between yield per unit area and plant count was poorly 
defined (correlation coefficient of -0.1836), yield per plant and plant 
count per unit area were highly correlated with r = -0.9300. Although 
a high correlation between yield per plant and plant count would be ex-
pected since plant count is used in computing yield per plant, all 1972 
observations of yield, expressed per unit area, were converted to yield 
per plant in an effort to arrive at a plot from which yields could be 
estimated at a plant density described by a particular treatment. There-
fore, all 1972 observations of yield, expressed per unit sample area, 
were converted to yield per plant, means of these values were calculated 
and plotted against actual average plant counts recorded in the sample 
areas; the graphical representation of the relationship between plant 
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count per hectare and yield per plant for the three cultivars studied 
in 1972 is depicted in Figure 14. 
From the relationships presented in the graphs, it is possible to 
obtain yield per plant at the populations defined by the original treat-
ments; by simple multiplication, these estimations of yield per plant 
can be reconverted to yield per unit area. Thus, a more solid basis 
exists for discussing those treatment means of Bush Blue Lake 274 and 
Early Gallatin which were not representative of the treatments as de-
fined. In the case of the former cultivar, it is not possible to re-
1 iably re-estimate yield for the treatment with a spacing arrangement 
of 2.5 cm within the row and 24.10 cm between rows because the point 
lies well outside the data set used to construct the graph. 
However, it should be noted that the graphs depicted in Figure 14 
ignore the effects of rectangularity; it could be argued that devia-
tions of those points from the plots was the result of rectangularity 
affecting the mean yield per plant. For example, the mean yield per 
plant of Sl imgreen established at a BRS = 48.25 and WRS = 5.1 cm was 
53.7 grams vice 45.5 grams observed with the treatment having between 
row and within row spacings of 96.50 cm and 2.5 cm respectively. As 
noted in Table 17, these treatments were to have possessed the same 
population density but differed in the arrangement of the population 
over the surface of the soil. 
Projected mean yields per hectare presented in the 11Results 11 section 
are reproduced in the first three columns of Table 18; projected yields 
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Figure 14. Estimated mean economic yield (gm) per p1ant of three green 
bean cu1tivars as affected by population density in 1972. 
Means obtained are based on four rep1ications and represent 
economic yie1d and plant count from 0.0004 hectare. 
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Table 18. Yields per hectare (kg/ha} for three green bean cultivars corrected for population 
density 
Estimated mean yields 
Treatment Rec:tangularity Projected mean yeilds corrected for population density 
Sl imgreen Early Bush Blue Slimgreen Early Bush Blue 
Gallatin Lake 274 Gallatin Lake 274 
96.50 cm x 2.5 cm 38.0:l.O 13,250 13,675 12,325 15,150 13,775 13,750 
48.25 cm x 5.1 cm 9.5: 1.0 17,900 15,800 14,350 17,900 15,800 14,350 
48.25 cm x 2.5 cm 19.0:1.0 15,575 15,425 13,975 14, 150 11 , 825 13,425 
24.10 cm x 5.1 cm 4.75:1.0 14,150 12,450 13,425 14, 150 12,450 13,425 
CX> 
\.0 
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based on a population density correction for treatments having equal 
plant numbers per unit area are itemized in the three remaining columns; 
these adjustments were made only for those treatments having within row 
spacings of 2.5 cm and involved estimating yields from the graphs in 
Figure 14 at the population densities actually recorded with treatments 
having the smallest rectangularity. By measuring the horizontal dis-
tance the latter points laid from the curves of the respective cultivars, 
the true effect of rectangularity was obtained. 
From the data in Table 18, it can be seen that mean yield was in-
fluenced by the spatial arrangement of the plant population upon the 
surface of the soil and by the population density associated with specific 
spatial arrangements. For example, comparisons between treatments having 
similar population densities in conjunction with rectangalarity ratios 
of 38.0:l.O and 9.5:1 produced projected yield increases per hectare 
of 2,750 kilograms with Slimgreen, 2,025 kilograms with Early Gallatin, 
and 600 kilograms with Bush Blue Lake 274 as rectangularity was decreased. 
However, there were no changes in projected yields when treatments 
with nearly constant population density and rectangularity ratios of 
19.0:l.O and 4.75:1.0 were compared for Slimgreen and Bush Blue Lake 
274, but reduced rectangularity would have increased yields of Early 
Gallatin by 625 kilograms per hectare. Since all yields at both of these 
rectangularities were below those attained from 38.0:l.O and 9.5:1.0 
spacing configurations, it was demonstrated that the population density, 
which was double that of the treatments cited above, was too great for 
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the plant arrangement employed. In this instance halving the row width 
and doubling the spacing between plants within the row did little to 
overcome the pressures of the population density except in the case of 
Early Gallatin. 
Thus, the spacing within the row, in conjunction with 24.10 cm 
row widths was increased to 10.2 cm iri the 1973 growing season. The 
difficulties associated with plant populations the preceding growing 
season were anticipated, and all treatments were grown under a single 
plant population which was carefully established by thinning. Although 
successive harvests brought out other interesting information to be 
discussed in upcoming sections, it was clearly demonstrated that further 
reductions in rectangularity enhanced the yield response of the popula-
tion density which had optimized yields in 1972. In I ight of 1973 re-
sults, it was further inferred that the dramatic yield response obtained 
in 1972 with the cultivar Slimgreen at the treatment with a rectangulari-
ty ratio of 9.5:1.0 might have been matched by the other cultivars if 
the spacing within the row had been adjusted beyond the 5.1 cm spacing 
utilized; this would have decreased both population density and rectangu-
larity, and implied that Bush Blue Lake 274 and Early Gallatin would per-
form best at populations below those employed successfully with Slimgreen. 
This was particwlarly true with Bush Blue Lake 274 which yielded similarly 
to Early Gallatin at substantially lower population densities. 
Therefore two years of study in the Missouri River Valley of westenn 
Iowa confirmed, in part, results reported by other investigators, namely 
Mack (39), Mack and Hatch (40), and Nylund (45). The work in Oregon 
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under the direction of Dr. H. J. Mack, had established the fact that 
yields of green beans were increased as spacing between the rows was 
decreased in increments of 30.5 cm from 91.5 cm to 30.5 cm. Nylund 1s 
work in Minnesota paralleled that of Mack. Yield increase was, there-
fore, a function of the population density. In order for this to occur, 
the rate of decrease in the yield per plant as a function of the density 
must be minimized or more than offset by the rate of increase in plant 
numbers. These results were not consistent with those obtained in this 
study although differences in the dimensions of the row widths tested 
may account for part of the discrepancy. However, Mack and Hatch (40) 
did note further enhancement of yield by arranging the population den-
sities from his row experiments on a square arrangement (rectangularity 
of 1.0:1.0); in this work, optimization of yield occurred at populations 
of 435,600 plants per hectare to 629,500 plants per hectare. Maximum 
yields in the Minnesota experiments were also obtained when spacing 
arrangements approached those of Mack. 
The influence of spatial arrangement upon selected population den-
sities was clearly demonstrated in two years of study with green beans 
on the vegetable soils of the Missouri River Valley of western Iowa. 
Although not attempted in either growing season, there were no trends 
in the data to dispute the superiority of a square arrangement of the 
plant population over the surface of the soil. However, the dimensions 
of the square would be dictated by a somewhat smaller population; it is 
believed that 300,000 to 425,000 plants per hectare, depending on cultivar, 
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are most suitable for the soil and environmental conditions encountered 
in the valley. 
Yield Response and Growth Response 
It was realized that biological yield of many crops had been shown 
by severa l investigators to be a function of the population density (7, 8, 
26, 30, 35, 60). Bleasdale had demonstrated that biological yield rapid-
ly approached a maximum value and thereafter remained constant or slight-
ly declined (7). Because the near constancy of this factor over a broad 
spectrum of population densities and spatial arrangements was expected, 
an analysis of this variable for treatment effects would have been of 
little value. In fact, the treatments investigated in 1972 did produce 
biological yield curves for Sl imgreen, Early Gallatin, and Bush Blue 
Lake 274 similar to those described by Bleasdale; these curves are: de-
pi cted in Figure 15. 
Therefore, it was determined that treatment differences would be 
more likely to appear in the physical characteristics of the plant popu-
lation. It wal further surmised that the plant population and the spatial 
arrangement of the population over the surface of the soil were inter-
related with the forces of cooperative interaction and competitive inter-
action discussed by Duncan (18). Since plant height and plant weight 
were two attributes of the plant population controlled by these inter-
related factors, they were selected as variables influencing growth 
response and subjected to statistical analysis in the 1972 growing 
season. 
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Figure 15. Estimated mean biological yield (Kg) of three bean cultivars 
as affected by mean population density in 1972. Means ob-
tained are based on four replications and represent per hectare 
projections of biological yield and plant count from 0.0004 
hectare sample areas. 
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It was anticipated that canopy height and plant weight would 
respond to population density in accordance with the findings of Duncan 
(18). He demonstrated that height increased to a maximum level as popu-
lation density was increased, and then decreased as further population 
pressures were exerted. Additionally, Duncan proposed vegetative weight 
of the individual plant, 1 ike economic yield declined linearly in rela-
tion to the plant population when plotted logarithmically. 
As mutual shading within a planting was increased, Duncan reasoned 
that shorter plants in the population tended to elongate at a faster 
rate than unshaded plants. Even though differential elongation rates 
balanced out the eventual height of the population {cooperative inter-
action), the length of time the shorter plants were shaded did reduce 
their individual weight {competitive interaction). In his work with 
corn, Duncan concluded that at some population density, elongation rates 
of all members of the plant community were at a maximum, and those indi-
viduals which were delayed in emergence never over took the taller plants 
in the population and continuously lagged in height. In this instance, 
the forces of cooperative interaction were unable to partly counteract 
the influence of competitive interaction. Plant weight dropped dramatic-
ally and average plant height declined. 
It was theorized that improved spatial arrangement of the population 
density would promote cooperative interaction and retard the effects of 
competitive interaction. However, the relationship between plant height 
and population as described by Duncan did not materialize in the 1972 
growing season. Interpretation of the data was confounded by the error 
97 
associated with those treatm~nts having population densities not de-
fined by the treatments. This problem was discussed at length in the 
previous section entitled "Yield Response". However, whereas a method 
was devised to obtain reliable estimates of economic yield at the popu-
lation densities defined by the treatments, no relationship was avail-
able to make the necessary corrections for plant height. 
The data in Table 5 indicated that Bush Blue Lake 274 approximated 
the relationship, but it was doubtful population pressures accounted 
for the rise and subsequent fal I of the canopy height for this cultivar 
since populations were the lowest of the three cultivars observed in 
1972. Nevertheless, the growth characteristics of Bush Blue Lake 274 
seemed to indicate that reduced population densities were necessary to 
optimize economic yield, and the observed response in plant height could 
be interpreted as a sign of the opposing forces of cooperative inter-
action and competitive interaction. The reduction and subsequent in-
crease in height of Slimgreen with increased population density was con-
tradictory to the expected response. It was noted, however, that canopy 
heights of both Bush Blue Lake 274 and Slimgreen were markedly unrespon-
sive to the treatments employed when compared to the dramatic response 
obtained with Early Gallatin depicted in Figure 4. These results could 
be clearly interpreted as a case of population pressures exerting in-
creased rates of elongation which produced an increased height differ-
ential in the canopy. Interestingly, economic yield of Early Gallatin 
rose as height increased under population densities up to 348,750 plants 
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per hectare after which there was a gradual decline in response at 
485,625 plants per hectare. At higher densities, canopy height con-
tinued to climb while yields decreased dramatically, and at 1, 108, 125 
plants per hectare, height began to decrease while economic yield 
dropped precipitiously. Thus, the data supported the premise. 
Since Slimgreen possessed vertically oriented leaves, the decrease 
in mutual shading of individual leaves and the ability of vertically 
oriented leaves to efficiently intercept irradiation of the sun at all 
levels of the plant may have accounted for the lack of cooperative 
interaction on this cultivar. Thus, high population densities would 
have a lesser effect in Sl imgreen than a cultivar possessing a plano-
phi le growth habit which aggressively expands into the available growing 
space determined by the spacing configuration. Both Early Gallatin and 
Bush Blue Lake 274 were examples of the latter category of green bean 
cultivars, It should be noted, that between row spacing would most 
markedly affect this response; this also was demonstrated by the data 
for al 1 cul ti vars. 
However, due to a fundamental error in the collection of the data, 
there was another possibility why the height responses for the three 
cultivars over the spectrum of population densities studied in 1972 
were not as anticipated. Since the canopy he ight was a function of 
the tallest members of the plant population, the shorter plants in the 
population were essentially ignored in the measurement technique employed, 
and average plant height was not truly estimated. Rather, a more reliable 
test for cooperative interaction would have been the variability in plant 
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height between individual plants in the population of a given treat-
ment. These measurements were not taken in 1972, but field notes did 
indicate high population densities contained many plants which exhibited 
spindly and suppressed development with no contribution to economic 
yield. Thus, variability was prevalent in the narrow row treatments of 
all three cultivars. This trait was especially characteristic with 
Early Gallatin. However, insufficient data prevented arranging the 
treatments in regard to variability in plant height. Although an 
opportunity existed for collecting data on uniformity of plant height 
in the 1973 growing season, manpower and time 1 imitations discussed 
earlier prevented its accomplishment. On a very subjective basis, 
field notes correlated a reduction in spindly development and barrenness 
of individual plants as the rectangularity of the plant population was 
reduced. Those treatments having 24. 10 cm spacings between the rows 
and 10.2 cm between the plants within the rows were especially character-
ized by a highly uniform appearance in plant height. In general, it 
appeared that uniformity of height between individual plants in a given 
population density was enhanced by those treatments which more evenly 
distributed that population density over the surface of the soil. 
The forces of competitive interaction were easily recognizeable 
from the data collected in the 1972 growing season. For all three 
cultivars, the data demonstrated that the interaction of the main effects, 
between row spacing and within row spacing, was highly significant. The 
interaction proved to be additive in depressing individual plant weight. 
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Using techniques discussed in the section on economic yield, 
problems associated with improper definition of treatments in regard 
to population density were overcome by plotting vegetative weight per 
plant against population density on log-log graph paper; these plots 
for the three cultivars studied in 1972 are depicted in Figure 16. 
Vegetative we ight per plant can be estimated from the graphs at the 
population densities defined by the treatments, similarly, the effects 
of rectangularity on vegetative weight at the recorded population 
densities can be estimated by applying a population density correction 
factor. 
Table 19 presents the conversion of biological yield, economic 
yield {reproductive yield), and vegetative yield to a per plant basis 
for the three cultivars studied in 1972 at the population densities 
actually recorded. When the two components of biological yield {re-
productive yield and vegetative yield) were plotted, as in Figure 17, 
against biological yield, an interesting trend was observed. As popu-
lation density increased, the weight of the plant attributed to vegeta-
tive plant parts declined proportionately less than the weight of the 
reproductive structure of the plant. This implied a reallocation of 
photosynthate due to population pressures and competitive interaction. 
All three cultivars exhibited this relationship to varying degrees in 
1972. At the highest densities studied, the dominance of vegetative 
growth was minimized with Slimgreen. Bush Blue Lake 274 and Early 
Gallatin were characterized by a marked redistribution of accumulated 
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Figure 16. Estimated mean vegetative yield (gm) per plant of three green 
bean cultivars as affected by mean population density in 1972. 
Means obtained are based on four replications and represent 
vegetative yield and plant count from 0.0004 hectare. 
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Table 19. The relationship of economic yield, vegetative yield, and biological yield per 
plant of three green bean cultivars as affected by population density determined by 
the between row and within row spacing 
Yield per plant (gm) 
Treatment Population density Economic Vegetative Biological Ha rvest index 
(p I ants/ha) yield yield yield % 
Slim9reen 
96.50 cm x 2.5 cm 293,750 45.54 78.54 124.08 36.7 
96.50 cm x 5.1 cm 170,000 77.29 112.14 189.43 40.8 
48.25 cm x 2.5 cm 634, 375 24.64 49.03 73.67 33.4 
48.25 cm x 5.1 cm 338, 750 53.68 79.90 133.48 40.2 
24. 10 cm x 2.5 cm 1,162,500 11. 71 27.58 39.29 38. 3 
0 
24.10 cm x 5. I cm 627,500 23.29 37.57 60.86 29.8 VJ 
Earl~ Gallatin 
96.50 cm x 2.5 cm 214,375 63.36 87.51 150.87 42.0 
96.50 cm x 5. I cm 170,625 81.34 121.22 202.56 40.2 
48.25 cm x 2.5 cm 485,625 31.98 67 .87 99.85 32.0 
48.25 cm x 5.1 cm 348,750 46.80 74.00 120.80 38.7 
24. 10 cm x 2.5 cm 1, 108' 125 8.46 31. 33 39.79 21. 3 
24.10 cm x 5. I cm 752,500 16.57 48.92 65.49 25.3 
Table 19. Continued 
Yield per plant (gm) 
Treatment Population density Economic Vegetative Biological Harvest index 
(pl ants/ha) yield yield yield % 
Bush Blue Lake 274 
96.50 cm x 2.~ cm 194,375 74.69 102.49 177. 18 42.2 
96.50 cm x 5. l cm 132,500 95.35 134. 95 230.30 41.4 
48.25 cm x 2.5 cm 294,375 49.06 78. 77 127.83 38.4 
48.25 cm x 5. l cm 280,625 51 .49 93.98 145.47 35.4 
24. 10 cm x 2.5 cm 675,000 20.74 55.27 76.01 27.3 
24. l 0 cm x 5 0 1 cm 622,500 21. 77 51. 08 72.85 29.9 
0 
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Figure 17. The distribution of photosynthate per plant into economic 
yield (gm) and vegetative yield (gm) as affected by mean 
population density influence on biological yield per plant 
in 1972. Means obtained are based on four replications and 
represent data collected from 0.0004 hectare. 
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assimilates to the vegetative development of the plant. This demon-
strated again the relative adaptability of each cultivar to population 
pressures. Undoubtedly, the time and biological effort invested by the 
plant in vegetative adjustments to axploit available environmental re-
sources under increasingly competitive conditions encroached upon the 
normal expression of the reproductive capacity of the plant. Thus, 
the increased height of Early Gallatin required growth and energy which 
actually might have been converted into economic yield. 
Also, the data in Table 19 inferred that each plant contributed 
equally to biological yield, economic yield, and vegetative yield, when, 
in actuality, the data represented an average value for all plants in 
the population. Therefore, there were many individual plants which 
contributed substantially less to vegetative yield and, perhaps, nothing 
to economic yield. However, if the spatial arrangement of a given popu-
lation reduced the variability between individuals of the population in 
terms of plant weight, rectangularity could theoretically retard the 
effects of competitive interaction; the result would be a highly uniform 
population of plants having an average weight per plant greater than 
that of identical population of plants more unevenly spaced over the 
soil · surface. 
By computing an average harvest index for an average individual 
plant for each treatment, the effects of rectangularity on the influence 
of competitive interaction as mediated by population density were demon-
strated; these indices are depicted in the last column of Table 19 and 
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are simply the ratio of economic yield to biological yield expressed 
as a percentage. It should be pointed out, however, that the harvest 
indices expressed on an area basis might be entirely different because 
a plant population may be so low that economic ·yield per unit area is 
below what would be attained with a higher plant population which had 
a lower harvest index per individual plant . 
Since a large numerical value associated with harvest index indi-
cates a more efficient partition of photosynthate into economically 
important organs, comparisons between indices within cultivar demon-
strated how the spacing configuration of the treatments employed with 
a given plant population enhanced the flow of accumulated assimulates 
into economic yield. It was not possible to compare indices at a 
given population density between cultivars s i nce values of harvest 
indices has been shown by Wallace and Munger (56) to be a character-
istic of the cultivar. 
Attention was directed to the cultivar, SI imgreen, in which the 
differences in population densities between treatments having differ-
ent rectangularities was minimum; therefore, rectangularities were 
compared without correcting economic yield for population density. 
Although the treatment having a BRS of 96 . 50 cm and WRS of 5.1 cm had 
the highest harvest index per plant, based on acreage, the harvest 
index of this treatment was Jess than observed with other treatments; 
this fact demonstrated the population as a whole performed below yield 
potential even though an individual plant within the population was 
highly efficient in conversion of photosynthate into reproductive 
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structures. This was not the case with Bush Blue Lake 274 and Early 
Gallatin; these cultivars had the highest harvest indices per plant 
with the treatment having a within row spacing of 2.5 cm and between 
row spacing of 96.50 cm. Quite possibly the aggressive growth habit 
of these cultivars was expressed in excessive vegetative development 
of the plant due to lack of competitive forces between plants within 
the low population density; thus, harvest index was lowered. 
Further examination of the data revealed a steady decline in the 
value of the harvest indices of each cultivar as the population density 
was increased. However, this trend with the harvest index of Slimgreen 
was reversed with those treatments in which the spacing configuration 
favored a more even spatial distribution of the plant population. These 
treatments involved rectangularities of 9.5:1.0 (BRS = 48.25 cm and 
WRS = 5. 1 cm) and 4.25:1.0 (BRS = 24.10 cm and WRS = 5. 1 cm), and when 
they were compared respectively with rectangularities of 38.0:l.O (BRS = 
96.50 cm and WRS = 2.5 cm) and 19.0:1.0 (BRS = 48.25 cm and WRS = 2.5 cm), 
the harvest indices increased indicating that the improved spacing con-
figurations of the former treatments reduced or nearly counteracted the 
effects of competitive interaction from increasing population densities. 
Similar rectangularities with Early Gallatin and Bush Blue Lake 274 may 
have also reversed the decline in the efficiency of production of econom-
ic yield per plant if measurements had been collected from treatments 
having nearly equal plant populati·ons; there was no manner to determine 
this supposition from the data in Table 19, and the harvest indices per 
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plant of these two cultivars merely reflected the influence of competi-
tive interaction at the varying population densities recorded in 1972. 
Nevertheless, since economic yield on an acreage basis increased as 
rectangularity was reduced by narrowing row width to 48.25 cm and in-
creasing the within row spacing to 5.1 cm, it would seem that rectangu-
larity was involved in counteracting competitive interaction in the two 
cultivars at the population densities recorded with those treatments in 
1972. 
Data on canopy development demonstrated that the between row space 
was never completely blanketed with foliage until row widths were re-
duced to 24, 10 cm. At the widest row spacings, accumulated assimilates 
per unit area were undoubtedly reduced because plants were not able to 
effectively utilize the total solar energy impinging upon the soil sur-
face. This was especially true in the early stages of growth. Figure 
15 clearly reveals biological yield of all cultivars was not maximized 
until row widths were reduced to 48.25 cm. In soybeans, population 
densities less than 130,000 plants per hect~re and row spacings greater 
than 50.8 cm intercepted significantly less solar radiation (50). 
Peck (47) concluded that narrowing the row width in green beans increased 
the efficiency of dry matter production. Thus, with a more favorable 
arrangement of the plant population and spacing factors, improved utili-
zation of solar energy achieved the maximum biological yield and con-
tributed to improved harvest indices in 1972. Narrowing the rows 
achieved better interception of light and increasing the spacing be-
tween plants within the row reduced the competition of plants for the 
111 
incoming solar energy by reducing shading. 
The length of time necessary for the vegetative canopy to ~ncompass 
the available land surface had further ramifications on the growth of 
the population . The attainment of a large leaf area before the repro-
ductive phase of the life cycle was initiated would ensure that the 
population concentrated efforts biologically upon the initiation and 
development of reproduct i ve structures. In 1972, it was apparent the 
benefits of the early establishment of a photosynthetic base in the 
treatments with row widths of 24. 10 cm was lost because of high popu-
lation pressures related to both density and spatial arrangement of 
the plant population. Thus, Early Gallatin exhibited a decrease in 
biological yield with these treatments. However, high populations in 
all cultivars possibly prolonged the vegetative phase of growth and 
diverted captured energy into vegetative matter which was unproductive 
in regard to economic yield. 
There was no doubt the competitiveness of annual broadleaf and 
grass species was reduced by rapid canopy development in 1972. Al-
though the sampling techniques were not statistically treated, weed 
counts in one block of the 1972 experimental design declined as row 
width was decreased. Additionally, it was observed the growth and vigor 
of the var ious species of weeds were substantially reduced; this was 
especially apparent with Butter Print (Abutilon theophrasti) which is 
a severe problem in commercial fields of green beans in the Missouri 
River Valley of western Iowa. Since plots were hand weeded throughout 
the growing season, the effects of reduced weed competition on 
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biological and economic yield were not specifically determined, but 
observationally, the influence of narrow rows on weed competition in 
both 1972 and 1973 was as described in the recent work of Williams 
!.!, ~· (61) with green beans in Oregon. 
Canopy development also appeared to reduce the problems with 
Bacterial Bl ight (Pseudomonas glycinea) by reducing the ability of 
strong winds, which are common in the valley, to effectively distribute 
soil particles containing inoculum throughout the planting. Usually 
border rows of narrow row plantings exhibited symptoms of the disease, 
but the interior rows of the planting were relatively free of disease 
development. Those plantings which did not completely cover the between 
row space were observed to have the organism established throughout the 
planting as wind and wind driven rain were able to move infected soil 
particles onto the foliage. Although it was not determined this factor 
actually influenced vegetative yield or economic yield in either grow-
ing season, this particular advantage of canopy was obvious. 
However, Crandal 1 !.!, ~· (16) found that green beans grown in 
narrow rows tended to cause conditions more favorable to disease develop-
ment through the effect of canopy on the relative humidity and air move-
ment within the planting. Row widths of 30. 1 cm reduced air movement 
and increased relative humidity when compared with 81 .5 cm row widths. 
A symposium on high density culture of green beans reported by Hilliker 
(29) discussed increased problems with Brown Spot, (Septoria glycinea), 
in narrow row plantings, but Peck (47) observed that new systemic 
fungicides, such as Benlate, satisfactorily controlled pod molds in 
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narrow row green beans. Nevertheless, the literature reviewed indi-
cated narrow rows optimized the environment for the rapid development 
of causal organisms of foliar disease. 
Although the incidence of disease from soil-borne pathogens may 
not be related to canopy development) the effect of population densities 
and spacing on the damage caused by Fusarium oxysporum, Rhizoctonia 
solani, Phytophthora megasperman and Pythium ultimum could be altered 
by these factors. Burke (10) described reduced damage of Fusarium root 
rot (Fusari um oxysporum), when Red Mexican dry beans were spaced greater 
than 7.6 cm within the row, and seed yields of individual plants cor-
respondingly increased; however, the benefits from the wider spacings 
were nullified by low soil temperatures which were adverse to the rapid 
development of the bean plants. Thus, it is speculated incidence of 
disease from the before mentioned soil-borne fungi would be directly 
correlated with increased population densities of green beans, but the 
improved spatial distribution of the plant population would decrease 
damage by the pathogens under environmental conditions favorable for 
the host and unfavorable for the pathogen; detrimental affects on 
growth response and yield response would be minimized. 
Although mechanical abrasion from the wind and blowing particulate 
matter in the air was seemingly reduced by the resistance offered by a 
continuous canopy cover over the surface of the soil, damage from an-
other meteorological source was not likely to be altered by canopy cover 
if the results described by Fehr {21) on the recoverability of narrow 
row soybeans to simulated hail damage were applicable to green beans. 
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In comparing row widths of 50 cm and 100 cm, he claimed row spacing 
did not warrant consideration in hail adjustments for recoverability 
from injury. Therefore, the canopy cover developed under narrow rows 
and equal spatial distribution of plant populations of green beans 
would not appear to offer either advantages or disadvantages to hail 
which has a high degree of occurrence in the sections of the Missouri 
River Valley of western Iowa where acreages of green beans are located. 
Canopy also had little effect on the moisture content of the upper 
15 cm of the soil surface in 1973. It was doubtful if canopy influenced 
moisture levels of the soil at deeper depths, but at 45 cm, moisture 
utilization by the green bean population density utilized in 1973 
appeared to increase as rectangularity was reduced. Following a dry 
period of several days, the 1 imited data taken from Buoyoucos blocks 
indicated that irrigation was needed by the narrow row plantings before 
plantings with wider rows which had a smaller area of the soil surface 
covered by canopy. This would be opposite of expected results. How-
ever, since the sensors for the Buoyoucos meter were placed equalJy 
distant between two adjacent rows within plantings of each of the 
three rectangularities, the results could be interpreted to mean that 
the more equally distributed the plant population was placed over the 
soil surface, the more efficiently the plants were able to extract 
the available soil moisture. Thus, the plantings with high available 
soil moisture readings in the center of the space between rows would 
actually be placed in a stress condition before a planting with an 
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identical population density spaced evenly over the soil surface. 
The efficient use of soil moisture would also infer uniform develop-
ment of individual plants and increased vegetative and reproductive 
growth response of each plant. 
Yield Response, Growth Response and Pod Quality 
The interaction of tonnage and sieve size was discussed by earlier 
investigators (46, 54). In brief , as harvest was delayed, tonnage in-
creased. However, as tonnage increased with time, individual pods be-
came heavier and larger in girth resulting in a higher proportion of 
the total pod number and total pod weight to be graded into larger 
sieve categories which were considered of low quality by the processing 
industry due to increased seediness and toughness of the fibers of the 
pods. 
The question arose as to whether the increased tonnage attained 
with certain treatments involving altering the between row spacing and 
within row spacing was a true yield increase or a result of pods being 
more physiologically mature and consequently heavier. Grading a 454 
gram sample of pods from each replication of each treatment was selected 
as a method for comparing the effects of population density and spatial 
arrangement of the plant populations upon the maturation of the economic 
yield. 
Since several of the treatments used in 1972 did not attain planned 
population densities, it was doubtful samples of pods from these treat-
ments were representative of a sample from a plot with the correct 
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population density. All samples of the cultivar Sl imgreen were judged 
to be representative of the six t reatments employed in that growing 
season; those treatments having spacings of 5. l cm between plants with-
in the row were also considered to be appropriate for treatment effects 
with Bush Blue Lake 274 and Early Gallatin. The results of the 1973 
trials investigating rectangulari t y at one population density did not 
have this problem since populations were standardized by careful thin-
ning. 
As discussed in the results section, statistical treatment of the 
1972 data did not identify significant differences in the distribution 
of pods in the various sieve sizes attributed to the treatments for the 
variables percentage pod number, percentage pod weight, and percentage 
seed weight; this inferred that the quality of the pods from each treat-
ment were essentially equal in regard to these parameters which sug-
gested that differences in economic yield response due to treatments 
were true increases in yield. 
However, there was statistical significance associated with treat-
ment differences in mean length of the pods of each of the three culti-
vars studied that year. Reductions in either row width or within row 
spacing reduced the average length of pods in all sieve sizes of the 
cultivar Slimgreen; an identical trend was detected in sieve categories 
three, four, and five with the two other cultivars. Variable results 
in the remaining sieve sizes was attributed to variability due to the 
small number of total pods falling into each of these categories. 
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The reduced pod length undoubtedly contributed to the increased 
number of pods noted in a 454 gram sample when row width and between 
row spacing were reduced as depicted in Table 9. Those results were 
contrary to the findings of Tompkins~~· (52) who attributed a small 
part of the increased yield from narrow rows (24, 10 cm) of green beans 
to measured increases of four to nine percent in pod length which cor-
respondingly added two to eleven percent to pod weight; these compari-
sons were made with treatments having 100 cm row widths, and treatments 
had population densities similar to those utilized in this study. How-
ever, data collected in the 1973 growing season did not conform to that 
observed the previous year, but neither did it substantiate the find-
ings of Tompkins et~· In fact, data from the two growing seasons 
indicated pod length was a function of the population density and 
unrelated to spatiality. 
Thus, since this parameter is intimately associated with the num-
ber of ovules in the ovary of the green bean pod, and since ovule num-
ber has been shown to be predetermined at the stage of initiation of 
the floral parts (36), population density could theoretically affect the 
predetermination of ovule number. However, investigations with soybeans, 
peas, and dry beans have demonstrated that the number of seed initials 
per ovary was independent of either spacing or plant population (26, 35, 
37). Several of these studies did note a reduction in the maturation 
of ovules to seeds (26, 35) associated with high population densities. 
In green beans, this would affect quality due to the deformities de-
veloped in the pod surrounding ovules which did not properly develop, 
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but there would be 1 ittle affect on length unless the non-developing 
initials were dist~! to the pedicel of the pod. Nevertheless, further 
study is needed to more fully explore the effects of spatiality and 
population density on the length of green bean pods. 
Earlier investigations by Mack and Hatch (40) and Tompkins~ 2.!.• 
(52), demonstrated that the proportion of pods falling into the four 
smallest sieve categories by weight increased as population density was 
increased up to a maximum of 627,500 plants and 870,000 plants respec-
tively per hectare. Mack's work was principally with populations 
equidistantly spaced on a square while the work in Arkansas, under the 
direction of Dr. D. R. Tompkins, dealt with manipulating row widths 
from 100 cm to 24. 1 cm. Since yields per hectare of the green bean 
pods also rose in these treatments, increased tonnage in conjunction 
with an increased proportion of that tonnage in the four, smallest 
'sieve sizes had definite economic advantages. Although the statistical 
treatment of 1972 data revealed no unusual distribution of pods by 
weight or number based on samples of 454 grams, there were, nevertheless, 
trends which implied that a larger percentage of pods measured by weight 
and number occurred in specific sieve sizes as rows were narrowed from 
standard 96.50 cm row widths. 
The investigations mentioned previously had combined the four sieve 
sizes of highest monetary value together to interpret the data and arrive 
at conclusions concerning causes for the skewed distribution of the eco-
nomic product in the smaller sieve sizes under population densities 
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favorable for increased yield. It must be remembered, however, that 
sieve sizes were a poor indicator of the true quality of the pods. 
For example, in 1972 Sl imgreen produced very few pods in sieve category 
five, yet the percentages of seeds by weight in all sieve sizes were 
substantially greater than those observed with either Early Gallatin 
or Bush Blue Lake 274 which contained percentages of pods by weight in 
both sieve five and sieve six categories. Thus, Slimgreen was inferior 
in quality to the two other cultivars, and some of the yield differ-
ential between it and Early Gallatin or Bush Blue Lake 274 must be 
attributed to increased weights of pods due to a more advanced state 
of maturity. 
Tompkins!:.!. 2J_. (52) concluded that pod enlargement was delayed 
by narrow rows in his treatments; this inferred that the physiological 
age of the pods was altered. Interestingly, the fiber content and seed 
content of these pods expressed as a percentage of total pod weight 
were greater even though he reported individual pods were longer and 
heavier. Since pods were heavier, seed development must have been 
actually quite substantial to produce a larger percentage of seeds by 
weight. This would indicate the physiological maturity of the pods 
was actually greater. Under the 1972 growing conditions in western 
Iowa, the largest percentage of pods by weight and number of each treat-
ment of each cultivar occurred in the sieve four category, but generally, 
the proportion of pods in this sieve size increased as the row width 
was reduced. Although seed development was relatively unchanged in 
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comparing treatment means, trends implied the pods were more physiologi-
cally mature as row width was narrowed. Selecting the second harvest 
date in 1973 which was considered to be similar to the 1972 harvest 
date, the concentrating effect of reduced row widths in the treatments 
with Wondergreen green beans was again observed in sieve category four, 
and these pods also demonstrated greater seed development. In general, 
the data supported the results reported earlier by Tompkins~ 2.!_. (52). 
As previously discussed, earlier investigations either ignored or 
did not evaluate the six sieve categories individually. Thus, it was 
hypothesized the distribution of pods was affected by the interaction 
of narrow rows and population density upon the concentration of pod set. 
Appropriate population densities arranged in a more equalized spatial 
configuration inferred uniformity between individual plants in terms 
of growth response as discussed in the section, 11Yield Response and 
Growth Response. 11 It followed the time differential in blooming period 
between individual plants was expected to be minimized which theoreti-
cally favored concentrated set. This impl i ed a skewed distribution of 
pods in specific sieve sizes, and the relative position of the skewed-
ness in the distribution would be dependent upon the harvest date. 
Mack and Hatch (40) and Tompkins~ 2.!_. (52) had detected no change 
in date of flowering due to population density or row width. This 
study did not perceive differences between treatments in the date of 
bloom in either growing reason. However, subtle differences in the 
length of the blooming period may have gone unnoticed in this study 
as well as in prior investigations. 
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An asymmetrical distribution of pods was noted in the 1972 data 
in which traditional row spacings were characterized by a more even 
distribution of pods throughout the range of sieve sizes while 48.25 cm 
and 24.10 cm row widths concentrated pod weight and pod number in the 
sieve four category. At the latter spacing, the concentrating effect 
was more diluted. The cultivar Slimgreen provided the best example of 
these trends as demonstrated in Figure 6 and Figure 8. 
The data from successive harvests in the 1973 growing season pro-
duced results comparable to the previous year. At the time of the first 
harvest, the number of pods in a 454 gram sample weight were nearly the 
same for each treatment of rectangularity as depicted in Table 10. Also, 
the distribution of pods by weight and number in the six sieve cate-
gories were nearly equalized as graphically represented by the curves 
in Figure 7 and Figure 9. These two observations demonstrated that the 
time of the initial set was unaffected by the spatial arrangement of the 
plant population. Thus, yield differences between treatments were the 
result of differences in the amount of set. As row width was narrowed 
and the plant population more equally distributed over the soil surface, 
the concentration of set was enhanced. 
As the 1973 harvest was delayed, a sample weight of pods contained 
less fruits as the data in Table 10 further substantiates, and the pro-
portion of pods in the largest of the high value sieve sizes increased. 
Thus, the 96.5 cm rows, and to a lesser extent, the 48.25 cm rows con-
tained proportionately more of the total number of pods by weight and 
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number in the two smallest sieve categories than the treatment with 
24.l cm row widths. Yet, total yield of pods in the four high value 
sieve sizes varied inversely with th~ row width. For example, in 
referring to the data for the second harvest in Figure 9, approximately 
95 percent of the pods by weight were graded into sieve four or smaller 
categories with the 24. 1 cm row widths while percentages were 92 per-
cent and 88 percent respectively with 48.25 cm and 96.5 cm row widths. 
The length of time individual plants in the different treatments set 
pods could account for this phenomenon. The narrowest row widths having 
the best spatial arrangement of the plant population were characterized 
by a shorter blooming period while other treatments with wider row 
spacings and increased rectangularity demonstrated a more spread out 
blossoming interval. If the variance in physiological development of 
individual plants was minimized by reduction in rectangularity of the 
plant population, data as described above would be expected. 
Furthermore, yield differences among rectangularities were negated 
with time as depicted in Figure l, because more pods were continually 
being set at the wider row spacings. The yields of the 46.25 cm treat-
ments equalized those from the 24. l cm treatments at the second harvest. 
However, the treatments with 96.50 cm row widths did not attain yields 
of the other harvests until the third and final harvest investigated in 
1973. Concurrently, the relative ranking of the treatments in regard 
to the proportion of pod weight in the four smallest sieve sizes was 
altered at the third harvest. The highly concentrated set of pods 
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associated with the narrowest row treatments (least rectangularity) 
undoubtedly reached the stage of physiological development which re-
sulted in a sudden reduction in the percentage of pod weight in the 
high value sieve sizes. Further delay in harvest would have produced 
a more spectacular decline in pod quality as judged by sieve size. 
Even though those treatments with 48.25 cm row widths did maintain 
the largest percentage of pods by weight in the four high monetary 
value sieve categories at the third harvest, it was theorized these 
treatments would have exhibited the movement of a substantial propor-
tion of pod weight into the lower priced sieve five grade if data had 
been collected at a later harvest. Thus, if harvest date was further 
delayed, those treatments with the widest row spacing (highest rectangu-
larity) could have graded out the highest in quality at that harvest 
time. This would be directly related to the fact that uneven spatial 
distribution of plants favored a more even distribution of pods through-
out the range of sieve categories, and the distribution was directly 
attributed to a period of prolonged set which was caused by lack of 
uniformity in the physiological development of individual plants with-
in the plant population. 
However, the quality changes of green beans associated with spatial 
arrangement and plant population require further investigation and study. 
It is apparent the proper evaluation of quality changes must be per-
formed by collecting data on the development of pods in terms of 
weight, length, and sieve size from individual plants which are also 
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monitored for growth response in relation to length of bloom and plant 
development. It is anticipated the inferences made previously concern-
ing the effects of spatial distribution of the plants over the surface 
of the soil upon the uniformity of the physiological development of a 
plant population as reflected in concentrated set would be confirmed 
or rejected using this procedure. Thus, monitoring random individuals 
within treatments of varying rectangularity from seed! ing emergence to 
maturity would be strongly recommended. The techniques and procedures 
involved would be tedious and time consuming, but the use of systematic 
designs outlined by Nelder (44) would allow for a comprehensive survey 
of blossoming, pod development, and quality evaluations under varying 
density and rectangularity schemes. 
Yield Response, Pod Quality and Economic Returns 
Two years of data demonstrated pod quality of green beans was not 
impaired by treatments testing rectangularity - especially if price 
considerations continued to be based solely on steve size. However, 
tonnage per unit area was proven to be affected by the plant population 
as vi~idly demonstrated in 1972 by the reduced yields associated with 
high density plantings of three green bean cultivars. The reduced 
yields substantially reduced the economic returns per hectare in these 
treatments as seen in Table 13. Likewise yield increases associated 
with the equal distribution of suitable population densities over the 
soil surface contributed to increased economic benefits to the grower 
in terms of gross receipts, but the data inferred the timing of harvest 
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became more critical since reduced spatiality concentrated pod set. 
Thus, substantial weight of the total yield was concentrated in a 
narrow range of the sieve sizes used in grading. Since economic re-
turns were related to prices per sieve size, the movement of pods into 
lower valued sieve categories was sudden, and the decline in economic 
returns was dramatic as demonstrated by the data in Table 14 with the 
cultivar Wondergreen planted with a rectangularity of 2.25:1.0. Of 
course, the concentration of pod number was also advantageous econom-
ically to the grower since harvest date could be coincided with the 
movement of the pods into the sieve three and sieve four categories 
where the interrelationships between price per kilogram and pod weight 
were optimized. This factor was discernible in the data tabulated in 
both Table 13 and Table 14 for specific treatments where pods were 
concentrated in the sieve four category. 
However, gross economic returns per hectare were not the complete 
story in the evaluation of economic returns to the grower who attempted 
to increase yields by manipulating the plant population through changes 
in row width or the spatial arrangement of the population over the soil 
surface. There were basic fixed costs per hectare such as taxes, land 
rent, and depreciation of equip~ent used in land preparation and 
cultural care which were independent of either yield, plant density or 
spatial arrangement. In regard to variable costs of materials such as 
fertilizer, seed, and pesticides and fixed costs of machinery utilized 
in planting and harvesting, there were, however, possible variations due 
to either yield, spatiality, or population density. 
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For example, seed costs were directly related to the amount of 
seed used to establish the planting and were strictly a function of 
increasing the density of a planting. Since the grower of green beans 
was charged approximately $0.97 per kilogram of seed in contracts 
through the 1973 growing season, yield had to increase to cover higher 
seed costs with those treatments having increasingly larger population 
densities. Ignoring effects of differences in the gross returns created 
by changes in the distribution of pods in the sieve categories in specif-
ic treatments, if the population was increased in incremental amounts, 
the measured yield response had to increase an amount equal to the ratio 
of the cost per kilogram of seed to the average value of a kilogram of 
pods in order to have no effect on net returns. Simultaneously, to 
keep the average value of a kilogram of pods static with changes in the 
distribution of pods in the various sieve sizes, weights of individual 
pods had to increase more than the ratio of the prices for any two 
sieve categories being compared. For example, based on 1973 contract 
prices, the weight of a kilogram of pods in sieve category four had to 
increase in weight to 2. 17 kilograms to have the same value when graded 
in sieve category five. Thus, there were complicated relationships 
which created different ratios of the price per kilogram of seed to the 
average value of a kilogram of pods for each treatment because the 
average value of the denominator of the ratio in any treatment was 
variable. However, the ratios were generally less with treatments in 
either growing season in which pod weight was concentrated in the sieve 
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four category. Therefore, the data Inferred that as population density 
was increased, the yield increase needed to prevent reduction in net 
returns due to seed costs was reduced if the population was equally 
spaced over the soil surface. 
Fertilizer useage with many vegetable crops has been related to 
uniformity of maturity, time of maturity, and grading procedures in 
order to obtain highest quality and greatest yields with higher popula-
tion densities (2). Generally, it was shown if the economic product 
was a vegetative part of the plant, higher fertilization rates were 
needed to get the most in quality and yield at high densities; but with 
high density plantings of vegetable crops, such as green beans, where 
the economic part of the crop was reproductive in nature, the rigid 
control of nitrogen and the balance with increased rates of potassium 
and phosphorus at seeding time were more important. Wiebe and Foister 
(59) reported no interaction between nitrogen levels and population den-
sity on yield of green beans. Leakey (35) demonstrated that the effects 
of fertility and population density were additive on yield of dry beans. 
and for all populations investigated, yield plateaued with the highest 
fertility level employed. Peck (47) reported that banding fertilizer 
5.1 cm to the side and 5.1 cm below the depth of seed placement in-
creased yields of green beans, but he also demonstrated that the rate 
of fertilizer should be considered per lineal meter of row as well as 
per hectare. Thus, if the rows of a planting of green beans were 
narrowed, the importance of placing a given rate of fertilizer per 
hectare evenly along the increased number of rows was stressed, and 
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the investigator also indicated green beans in 30.5 cm rows needed more 
fertilizer per hectare than plantings with 91.5 cm row widths to maxi-
mize yields. 
Although no additional fertilizer was utilized in either growing 
season in the work conducted with the vegetable soils of western Iowa, 
future investigations could reveal that fertilization by banding would 
further aid narrow row plantings of green beans. There would be in-
creased fixed costs due to modification of existing cultural equipment 
to band fertll izer in narrow rows, and variable costs could likewise 
be increased if results from fertility experiments warranted utilizing 
iricreased rates of fertilizer to optimize yield response in closely 
spaced plantings. If these modifications had been applied to the 
cultural operations practiced in this study, economic expenditures 
would have increased, but it can only be speculated how net economic 
returns would have been affected. 
In addition to modifying cultural equi.pment for fertilizer place-
ment, there definitely would be increased fixed costs in adjusting 
planting equipment to establish plantings in row widths less than 46 cm, 
and even greater costs would be associated with planters used to estab-
1 ish spatially arranged plant populations since accurate seed placement 
becomes more critical; engineering designs to accomplish this feature 
in seeding equipment are invariably expensive (48). 
Other cultural operations such as pest control may increase vari-
able costs of either spatially arranged populations or densely planted 
green beans in narrow rows. Increased variable costs due to increased 
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useage of fungicides to control foliar pathogens would be anticipated, 
and there would be further expenditures adding to fixed costs in 
acquiring equipment such as air blast sprayers to apply pesticides to 
control insect and disease problems. Weed control would be of para-
mount importance, and complete dependence on herbicides would shift 
allocation of economic resources from cultural control with machinery 
to chemicals. The advent of highly selective herbicides such as 
Basagran which can be applied postemergence to green beans have un-
doubtedly enhanced the future use of narrow rows and spatially arranged 
plant populations; however, the previously mentioned herbicide has not 
yet been registered for use on green beans. 
Until recently, the major obstacle to high density plantings of 
green beans established in narrow rows or in plantings equidistantly 
spaced over the soil surface was the lack of a satisfactory harvester 
(3). The development and successful use of a multi-row harvester de-
signed by Chrisholm-Ryder has eliminated that cultural problem, but the 
machines are expensive to manufacture; the processor is thus saddled with 
increased costs in handling the green bean crop. The canning industry 
in Iowa has traditionally absorbed harvesting and hauling costs in 
their contracts with growers of green beans, but if useage of harvesters 
similar to the design by Chisholm-Ryder became necessary because of 
the adoption of cultural practices utilizing narrow rows or spatiality, 
it would be unlikely the current waiver in processor contracts would 
be retained. 
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Harvest charges likely would be based on an area basis, but often 
these costs are drafted into the contract such that the charge is 
based on tonnage of harvested product. Additionally, hauling charges 
are per unit weight delivered to the processing plant. These costs 
are clearly variable in nature and directly related to yield. Although 
growers of green beans in Iowa would be expected to actively resist 
the inclusion of any charges based on tonnage, there is no doubt har-
vesting green beans established in either narrow rows or in various 
spacing configurations without rows~~ would increase grower costs 
because of the inclusion of harvest charges in the contract. 
Thus, there can be no final determination of the net returns 
associated with high density plantings of green beans or the spatial 
arrangement of specific plant populations in the experiments conducted 
in 1972 and 1973 on the vegetable soils in the Mt~souri River Valley 
of western Iowa, but 1 imited data from other green bean production 
areas have indicated that yield must be increased thirty to thirty-five 
percent to meet additional costs associated with the establishment, 
care, and harvest of these plantings (29). Further investigations 
under Missouri River Valley environmental and soil conditions will 
provide data for the final determination of the economic benefits of 
spatially arranged plant populations of green beans. 
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SUMMARY AND CONCLUSIONS 
Two years of study with green beans (Phaseolus vulgaris L.) grown 
in the Haynie silt loam vegetable soils under climatic conditions en-
countered in the Missouri River Valley of western Iowa demonstrated 
that reductions in row widths had to be coordinated with adjustments 
in spacing between plants within the row in order to maintain reproduc-
tive yields at levels currently realized utilizing standard row widths 
of 96.50 cm and within row spacings of 2.5 cm. From the treatments 
employed, it was apparent population densities should be kept at levels 
which ensured 240 cm2 of soil surface per plant, this represented a 
population density of 412,500 plants per hectare. However, the three 
green bean cultivars tested in 1972 exhibited differential yield 
responses to population pressures which indicated determination of the 
actual plant population should be mediated by the growth habit of the 
cultivar selected. The cultivars which have small, vertically oriented 
leaves undoubtedly can be grown successfully up to 425,000 plants per 
hectare, but the vigorous, planophile growth habit of other cultivars 
may require population densities of 300,000 plants per hectare. These 
results were consistent with investigations conducted in Oregon, 
Minnesota, and Arkansas although yields were often increased further in 
these localities at slightly higher population densities. 
At row widths of 96.5 cm, the inability of the plant population 
to completely cover the space between the rows with foliage was sus-
pected to have contributed to reduced vegetative yield and reproductive 
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yield; however, harvest indices per plant remained quite high. How-
ever, with an appropriate population density, data collected in the 
1972 growing season revealed the distribution of photosynthate into 
reproductive structures was enhanced by reducing the rectangularity 
of the spacing configuration of the plant population. The data sug-
gested that variation in the development of individual plants within 
the plant population contributed to the inefficient allocation of 
accumulated assimulates toward non-productive vegetative growth. Plant 
uniformity was achieved by eliminating the disproportionate spatial 
arrangement of the plant population. However, due to errors in the 
collection of data, interrelationships of the forces of cooperative 
interaction and competitive interaction as measured by plant height 
and plant weight were not specifically identified with variability 
in the development of individual plants within the population. There-
fore, further investigations are needed to test the supposition that 
plant uniformity is a product of spatial arrangement mediated through 
the forces of cooperative interaction and competitive interaction. 
Neither the spatial arrangement of plant populations nor increased 
population densities detrimentally affected the quality of any of the 
cultivars tested in either growing season as measured by the distribu-
tion of a 454 gram sample of pods by number and weight in the six sieve 
categories currently utilized by the corrrnercial processing industry in 
determining quality of green beans; also, percentage seed weight in 
each sieve size was not adversely affected by these two factors. 
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However, evidence from successive harvests indicated pods became con-
centrated in specific sieve sizes when rectangularity of the planting 
arrangement of a specific population density was reduced. It was 
theorized the reduction invariability between individual plants in 
the population previously attributed to more equally spacing the plants 
over the soil surface resulted in a shortening of the period of bloom 
which produced a concentrated set of pods. This caused plantings of 
reduced rectangularity to have increased y i elds in the initial pickings 
of successive harvests, but the plantings with uneven plant distributions 
over the soil surface eventually equalled or surpassed the yields 
attained with treatments having more equal spatiality between plants 
in the planting. However, further work is recommended to investigate 
this interpretation of the experimental data. 
Generally, the economic returns of the treatments investigating 
population density and spatiality of plant populations correlated well 
with the yield response of each treatment. There were further addi-
tions to economic returns associated with any treatment which tended 
to concentrate pod weight in the larger sieve categories having rela-
tively high monetary value; this was because the interrelationships 
of price per kilogram of green beans and pod weight were most favorable 
for maximum economic returns in these sieve sizes. However, increased 
fixed costs associated with machinery to establish the planting and to 
apply banded fertilizer and foliar pesticides to either high density 
plantings or spatially arranged populations would be expected to in-
crease as would variable costs due to pesticides and fertilizer; these 
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costs with spatially arranged populations without rows would be higher 
than high density plantings with rows through which cultural machinery 
could pass. Higher seed costs would be directly related to population 
density while increased costs in harvesting and hauling could be associ-
ated with yield or area harvested depending on processor contracts. 
Thus, the net economic returns from high density or spatially arranged 
plantings would be dependent on the effect of these plantings on yield; 
data from investigations in other parts of the United States have indi-
cated yield increases of green beans need to rise approximately thirty 
to thirty-five percent to cover additional cultural costs with plantings 
in which row widths are so reduced that traditional cultural practices 
with row equipment are not feasible. 
Thus, a system of rows approximately 48.25 cm apart with a produc-
tive plant every 5. 1 cm within the row would be a practical compromise 
between equidistant plant spacings which are best for the plant and wide 
rows which are best for the handling of cultural operations. Data 
collected in both 1972 and 1973 indicate that yields, depending on 
cultivar, would be raised by over 2,000 kilograms per hectare with 
this planting arrangement yet seed costs would remain static; and there 
would be minimal additional expenditures in equipment modification to 
accomplish planting and cultural operations. However, green bean 
harvesters used currently by Iowa processors would not be able to har-
vest the narrower row widths. Therefore, any adjustment in cultural 
methods involving changing row widths to achieve more equal spatial 
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distribution of green bean plantings would require the cooperation of 
the grower and the contracting processor. 
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APPENDIX: STATISTICAL ANALYSES 
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Tab 1 e Al. Analysis of variance for random variable yield in 1972 over 
a 11 cultivars 
Source df Mean square F test 
Total 71 
Block 3 5.420 2.40 
Cultivar (VAR) 2 10.311 4.56·-k 
BRS 2 44.462 19. 69''~k 
.. •-• .. 
VAR x BRS 4 10.278 4.55"" 
WRS 6.474 2.86 
VAR x WRS 2 2.283 1. 01 
BRS x WRS 2 3.048 1. 35 
VAR x BRS x WRS 4 2.080 0.92 
Residual 51 2.259 
·'· 
"significant at ex= 0.05. 
;'(i'( 
Significant at ex= 0.01. 
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Table A2. Analysis of variance for random variable yield in 1972 by 
cultivar 
Source df Mean square F test 
S l i m9reen 
Total 23 
Block 3 l .480 0.64 
Treatment 5 
WRS 4. 361 1.87 
BRS 2 22.444 9. 66-/(;'( 
WRS x BRS 2 2.432 l. 05 
Error 15 2.322 
Early Ga 11 at in 
Total 23 
Block 3 2.809 0.92 
Treatment 5 
WRS 6.615 2.17 
BRS 2 3.493 1. 15 
WRS x BRS 2 35.822 11 • 76-/(;'( 
Error 15 3.047 
Bush Blue Lake 274 
Total 23 
Block 3 5.089 3.35 
Treatment 5 
WRS o.647 o.43 
BRS 2 7.644 5. o4''( 
WRS x BRS 2 o. 127 0.08 
Error 15 1. 518 
.... 
ftSignificant at a= 0.05. 
-/rl(Significant at a= 0.01. 
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Table A3. · Analysis of variance for the random variable yield in 1973 
Sum 
Source df of Mean square F Test 
squares 
Total 26 247.867 
·'· Block 2 14.7a7 7. 353 6. 71" 
Rectangularity 2 9.548 4.829 4.39 
Error A 4 4. 398 1.a99 
Harvest 2 185.583 92.792 71 .57 
;'("';'( 
Rectangul ari ty x Harvest 4 17.962 4.491 3. 46 ;'( 
Error B 12 15.558 l .296 
;'(significant at a: = a.as. 
;'~'( Significant at a= a.al. 
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Table A4. Analysis of variance for independent variable, plant weight, 
by cultivar 
Source df Mean square F test 
51 imgreen 
Total 23 
Block 3 o.419 3.81 
Treatments 5 
WRS 0. 112 1.05 
BRS 2 0.239 2.24 
WRS x BRS 2 4.586 42.98m'( 
Error 15 o. 107 
Early Ga 11 at in 
Total 23 
Block 3 0.378 2.97 
Treatments 5 
WRS 0.067 0.35 
BRS 2 0.250 1. 30 
WRS x BRS 2 4.517 23. 52'>'.-k 
Error 15 o. 192 
Bush Blue Lake 274 
Total 23 
Block 3 0. 111 0.52 
Treatments 5 
WRS 0.270 1.27 
BRS 2 0.038 o. 18 
WRS x BRS 2 4.526 21.18~'(-i'( 
Error 15 0.214 
~·( . . S1gnif1cant at a= O.p5. 
~W<Significant at a= 0. 0,1 • 
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Table A5. Analysis of variance for random variable plant height by 
cultivar 
Source df Mean square F test 
SI imgreen 
Total 23 
Block 3 o. 192 0.53 
Treatments 5 1 • 128 
BRS 2 0. 141 0.39 
WRS 0.012 0.03 
BRS x WRS 2 2.672 7. 447'"* 
Error 15 0.359 
Early Ga 11 at i n 
Total 23 
Block 3 1 • 012 0.87 
Treatments 5 10.323 
BRS 2 1 • 4 31 1. 23 
WRS 0.782 0.07 
.,,,_, .. 
BRS x WRS 2 24.338 20.99"" 
Error 15 1 • 159 
Bush Blue Lake 274 
Total 23 
Block 3 1 .403 1. 14 
Treatments 5 1 • 172 
BRS 2 0.096 0.08 
WRS 0.008 o.oo 
BRS x WRS 2 2.831 2.31 
Error 15 1. 227 
·;'("";'( 
Significant at a= O.Dl. 
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Table A6. Analysis of variance for random variable plant canopy by 
cultivar 
Source df Mean square F test 
Slimgreen 
Total 23 
Block 3 6.366 1.74 
Treatments 5 349.081 
BRS 2 52.859 14. 45')'(-)'( 
WRS 0.108 o.oo 
BRS x WRS 2 819.849 224. lo~'n'( 
Error 15 3.658 
Early Gal 1 at in 
Total 23 
Block 3 7.088 0.82 
Treatments 5 431.832 
BRS 2 67.087 7. 73~'("·k 
WRS 1 0.063 0.01 
BRS x WRS 2 1,012.493 116. 69~'n'( 
Error 15 8.677 
Bush Blue Lake 274 
Total 23 
Block 3 7.472 1.22 
Treatments 5 362.016 
BRS 2 55,973 9. 13''n'~ 
WRS o. 126 0.02 
BRS x WRS 2 849.004 138.5om'( 
Error 15 6.130 
.... _,_ 
""significant at a = O. 01. 
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Table A7. Analysis of variance of the random variable percentage pod 
number of the cultivar SI imgreen 
Source a df Mean square F test 
Total 117 
Regression 32 
Block 3 0.001 o. 11 
BRS 2 
BRS ( L) 0.003 0.74 
BRS (Q) 0.004 o.86 
WRS 0.001 o. 13 
BRS x WRS 2 
BRS (L) x WRS (L) o.ooo 0.05 
BRS ( O.) x WRS (L) o. 331 0.03 
Sieve :4 
s (L) 0.525 125.ll;'(;'( 
... •-• ... 
s (Q) 3.354 799.95"" 
s (C) 1. 750 417. 39"n'( 
s (QR) 1 0.084 20. 06 ;'r,'( 
BRS x Si eve 8 
BRS (L) x s (L) 0.005 1. 27 
BRS (L) x s (Q) 0.035 8. 34'>'<·k 
BRS (L) x s (C) 0.015 3.53 
BRS (L) x s (QR) 0.000 o.oo 
BRS (Q) x s ( L) 0.016 3.76 
BRS (Q) x s (Q) 0. 011 2.52 
BRS ( O.) x s (C) 0.023 -·-5.52" 
IJRS (Q) x s (OR) 0.000 0.04 
aSingle degree of freedom components identified by (L) = linear, ( Q.) = quadratic, (C) = cubic, and (QR) = quartic. 
;'( Significant at a = 0.05 • . 
.. •-• ... 
""significant at a= 0.01. 
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Table A?. Continued 
Source a df Mean square F test 
WRS x Sieve 4 
WRS (L) x s (L) 0.015 3.60 
WRS (L) x s (Q) 0.000 o.oo 
WRS (L) x s (C) 0.003 0.81 
WRS (L) x s (QR) 1 0.009 2.06 
BRS x WRS x Sieve 8 
BRS (L) x WRS (L) x s (L) 0.009 2.20 
BRS (L) x WRS (L) x s (Q) 0.001 0.30 
BRS (L) x WRS (L) x s (C) o.ooo 0.05 
BRS '(L) x WRS (L) x s (QR) 0.002 o.42 
BRS (Q) x WRS (L) x s (L) 0.002 0.51 
BRS (Q) x WRS (L) x s (Q) 0.009 2. 15 
BRS (Q) x WRS (L) x s (C) o.ooo 0.07 
BRS (Q) x WRS (L) x s (QR) o.ooo o.oo 
Error 32 0. 004 
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Table A8. Analysis of variance for the random variable, pod length, 
for the cultivar Slimgreen 
Source a df Mean square F test 
Total 117 
Regression 32 
Block .3 13.002 10.17 
;'n'( 
BRS 2 
BRS (L) 37. 117 ''-'( 87. l 3'" 
BRS (Q) 0.001 0.00 
WRS 13.807 32.41 
;'(";'( 
BRS x WRS 2 
BRS (L) x WRS (L) o. 126 0.29 
BRS (Q) x WRS (L) l .535 ·'· 3.60" 
Sieve 4 
s ( L) 218.908 -'(J'~ 513.89"' 
s (Q) 2.885 ·'· 6. 77" 
s (C) 0.824 l.93 
s (QR) l 0.530 l. 24 
BRS x Sieve 8 
BRS (L) x s (L) 0.341 0.80 
BRS (L) x s (Q) o. 148 0.35 
BRS (L) x s (C) 0.082 o. 19 
BRS (L) x s (QR) 0.219 0.51 
BRS (Q) x s (L) o. 146 0.34 
BRS (Q) x s (Q) 0.138 0.32 
BRS (Q) x s (C) 0.139 0.32 
BRS (Q) x s (QR) o. 173 o.41 
aSingle degree of freedom components identified by (L) =linear, 
(O.) =quadratic, (C) cubic, and (QR) =quartic. 
;'( 
Significant at a= 0.05. 
**s~gnificant at a= O.OJ. 
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Table AB. Continued 
Source a df Mean square F test 
WRS x Si eve 4 
WRS (L) x s (L) 1. 434 3.37 ;'( 
WRS (L) x s (0.) 0. 026 0 .• 06 
WRS (L) x s (C) . 0.006 0.01 
WRS (L) x s (QR) 1 0.069 o. 16 
BRS x WRS x Sieve 8 
BRS (L) x WRS (L) x s (L) 0.259 0.61 
BRS (L) x WRS (L) x s (0.) 0.006 0.01 
BRS (L) x WRS (L) x s (C) l 0.029 0.07 
BRS (L) x WRS (L) x s (QR) 0.002 o.oo 
BRS (Q) x WRS (L) x s (L) o.~22 1.70 
BRS (Q) x WRS (L) x s (Q) 0.240 0.56 
BRS (Q) x WRS (L) x s (C) o. 331 0.78 
BRS (Q) x WRS (L) x s (QR) 0.278 0.65 
Error 85 0.0426 
